University of Connecticut

OpenCommons@UConn
Honors Scholar Theses

Honors Scholar Program

Spring 5-1-2021

Modeling and Monitoring of Water Quantity and Quality in
Permeable Pavement Systems Using Geophysical Equipment
Abby Klimowicz
aklimowicz99@gmail.com

Follow this and additional works at: https://opencommons.uconn.edu/srhonors_theses
Part of the Environmental Engineering Commons

Recommended Citation
Klimowicz, Abby, "Modeling and Monitoring of Water Quantity and Quality in Permeable Pavement
Systems Using Geophysical Equipment" (2021). Honors Scholar Theses. 802.
https://opencommons.uconn.edu/srhonors_theses/802

Modeling and Monitoring of Water
Quantity and Quality in Permeable
Pavement Systems Using Geophysical
Equipment
Abby Klimowicz
Thesis Supervisor: Dr. Bagtzoglou
Honors Advisor: Dr. Kirchhoff
Honors Undergraduate Thesis in Environmental Engineering
University of Connecticut
Spring 2021

Abstract
Permeable pavements are a type of low impact development (LID) that reduces runoff by
increasing the permeability of developed surfaces. Less runoff helps protect the surrounding
ecosystems from erosion and pollution. Without pools of accumulating runoff, the potential for
the development of ice on roads and parking lots is also decreased. However, sufficient research
on the movement of water and the ions dissolved in it through the permeable pavement system
has not been completed. In this study, geophysical equipment was used to observe how moisture,
measured as volumetric water content (VWC), and ions, approximated by electrical conductivity,
pass through constructed permeable pavement plots. An existing numerical model was also
applied to the specific site conditions of this study in order to compare the moisture content
measurements to what would be expected based on known behaviors of unsaturated media. The
general pattern of moisture content over time as a result of precipitation events and measured by
sensors placed in a bare soil plot agreed well with modeled results. However, the sensors placed
in the permeable pavement plots did not show any response to precipitation events, suggesting an
ability of the permeable pad and gravel below to buffer the infiltration of moisture into the soil
after precipitation events.
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Introduction
Literature Review
Overview of different types of low impact development
Impervious development has led to an increase in surface runoff and runoff velocity, as
well as decreased the time of concentration in the watersheds, reducing the time that pollutants
can be filtered out, and decreasing water quality. The “effective impervious area” of a developed
area is the amount of area that sends runoff into the stormwater system (Dietz, 2007). On the
other hand, low impact development (LID) design has been shown to reduce peak flows, overall
water volume in runoff, and lag times between precipitation and peak flows. It maintains the
hydrologic tendencies closer to its undeveloped state and increases the time of concentration in
the watershed as compared to impervious development. It combats both flooding and water
quality issues related to typical impervious development through the implementation of
bioretention gardens, green roofs, pervious pavements, and grassed swales (Dietz 2007, Dietz &
Arnold 2018). Green stormwater infrastructure (GSI) is similar to LID, but is not as effective at
reducing peak-flow rates for storms as large as 100-year, 24-h events. Using pervious and waterretaining structures, rather than impervious surfaces, can help prevent combined sewer overflows
(CSOs) due to high volumes of water in stormwater drainage systems. In fact, when calculating
the cost of using a blend of green and gray (impervious) infrastructure ($5.3 billion) and just
traditional gray infrastructure ($6.8 billion) to deal with stormwater, the NYC Green
Infrastructure Plan’s economic analysis found the blend to be cheaper (Dietz & Arnold, 2018).
A form of LID is bioretention gardens. These are mulched basins that have trees,
perennials, and shrubs in them that help act to filter out pollutants, reduce runoff volume, and
increase groundwater discharge. They first retain large volumes of polluted runoff, and then filter
out pollutants such as metals (copper, lead, zinc) and some excess nutrients such as total
Kjeldahl nitrogen (TKN) and ammonia-nitrogen (NH3-N). Nitrate-nitrogen (NO3-N) is not
typically well retained, since it is negatively charged and does not adsorb well to the soil, unless
the underdrain of the garden is raised and a carbon nutrient source such as shredded newspapers
is added, so that a pool of water forms at the bottom of the garden where denitrification can
occur, turning the NO3-N into nitrogen gas. Since phosphorus tends to be exported from
bioretention systems, perhaps due to high soil phosphorus content, soil disturbance, or leaching
from mulch and organic soil media, phosphorus content should be analyzed before underdrains
are sent into systems with sensitive bodies of water downstream. If phosphorus content is too
high, underdrains should be avoided (they are unnecessary unless natural soils have a low
infiltration capacity of under 1 in/h) or sent to a grassy or wooded area where the phosphorus can
be filtered out (Dietz, 2007).
Green roofs are roofs covered with plants and planting medium of different thickness,
depending on the type of plants used and the structural accommodations. They retain 63% of
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rainfall on average. However, total phosphorus (TP) and total nitrogen (TN) runoff is often a
problem. This can be combated by using plants that do not require fertilization (Dietz, 2007).
Another major form of LID is porous pavement of which there are many types. Concrete
blocks or grids, such as Monoslab®, Grasscrete®, Turfstone® (60% impervious, filled with soil
and grass), UNI Eco-Stone® (90% impervious, filled with gravel), and Unilock®, consist of
concrete forming blocks or grids between voids that can be filled with crushed stone, pea gravel,
topsoil, or turf (Brattebo & Booth, 2003; Dietz, 2007). These greatly decrease runoff, often to
negligible values, and retain metals (Cu, Pb, Zn). However, they may sometimes export orthophosphate (ortho PO4-P) (Dietz, 2007). Similarly, there are plastic grids, such as Grasspave®
(filled with sand and grass) and Gravelpave® (filled with gravel). This structure is mostly
pervious in its design, unlike concrete grids that consist of chunks of impervious concrete
(Brattebo & Booth, 2003; Dietz, 2007). This leads to virtually no runoff and a lowering of
copper and zinc concentrations (Dietz, 2007). Although these plastic pavers are more pervious,
they may not be as durable and may require more maintenance than the concrete pavers
(Brattebo & Booth, 2003). In porous pavements such as pervious asphalt and concrete,
stormwater runoff is effectively infiltrated, and groundwater contamination is usually not an
issue. Pervious asphalt is also known as open graded friction course (OGFC), and it is similar to
the typical mix used for impervious asphalt, it just lacks the fine particles typically used in the
aggregate. It is often used because it dampens road noise and tire spray, as well as reduces the
risk of hydroplaning because of its ability to retain precipitation and keep water off of the road.
Permeable concrete, which is the form of LID that will be studied in this research, is also similar
to a typical concrete mixture, without the fine sand. Since it is often rolled or tamped into place,
it requires expert installation. However, not only can it keep water off the road, preventing
hydroplaning and water freezing on the road’s surface, but it can reduce the metal, total
suspended solids (TSS), and nitrogen (N) load in its effluent. As seen with other forms of LID,
the phosphorus content is not significantly removed (Dietz, 2007). A study comparing the
infiltration rates of permeable interlocking pavers (PICP), pervious concrete, and porous asphalt
found that PICP had an infiltration rate of 1800 cm/hr, pervious concrete had 1100 cm/hr, and
porous asphalt had 360 cm/hr. However, there have been a lot of variations in results between
studies. One study even found PICPs to have a vastly different infiltration rate of 11cm/hr, but
this was probably due to clogging (Weiss et al., 2017).
Stormwater control measures (SCMs) are forms of LID. They can vary in size and the
amount of water they can hold and treat, with sand filters, (micro-)bioretention gardens,
detention ponds, stormwater recharge chambers, hydrodynamic oil-grit separators, infiltration
trenches, roadside swales, and stormwater tree boxes all counting as SCMs. Larger and
centralized SCMs were originally used due to their ability to hold and treat large quantities of
water before they enter streams, but lately smaller and more distributed SCMs are favored in an
attempt to treat runoff at the source, decrease the amount of impervious cover in a watershed,
decrease runoff, increase infiltration, and hopefully better replicate natural systems by keeping
slopes, soils, and forest areas intact. Sometimes a combination of small SCMs at the site of
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runoff that can hold a 25.4 mm (1 in) storm and larger detention ponds that can hold a 66 mm
precipitation, or 1-year 24-hour storm event, are used. A study comparing streamflow patterns in
two SCMs-containing watersheds with an urban and a forested control found that although
SCMs were not able to replicate the conditions in the forested watershed, and although
streamflow magnitude and timing patterns were both different from the forested control (even
though SCMs were treating 100% of impervious surfaces), the SCMs were able to help peak
flows and runoff volumes as compared to the urban control. Therefore, SCMs were able to help
mitigate some of the issues related to impervious development, but higher percentages of
impervious cover still led to greater alterations of streamflow patterns, even with SCMs treating
and providing a buffer for all impervious runoff (Hopkins et al., 2019).
With traditional 100-year storms occurring every 50 years now due to climate change, it
is becoming more and more important that low impact development and its pervious and waterretaining structures are implemented in developed areas to help combat the dangers of
stormwater runoff (Dietz & Arnold, 2018).
Design
LID is often designed to hold precipitation from the most common precipitation events.
Often this value is 1 in, or 2.54 cm of rainfall, since this covers most 24-h precipitation totals.
Similarly, large runoff retention systems developed by the federal government are mandated to
be able to hold water from precipitation events that are in the 95th percentile of 24-h rainfall
events by the U.S. Environmental Protection Agency (USEPA). However, this would be greater
than 2.54 cm in Connecticut, at a precipitation amount of approximately 3.8 cm (Dietz & Arnold,
2018). For example, Prince George’s County Bioretention design manual uses the precipitation
amount to be collected (P, which is typically set as 2.54 cm or 1 inch in the eastern rainfall zone),
the percent impervious area of the site (I, a value 1-100), and the area of the site (A, in acres) to
calculate the water quality volume (WQV) that is held by a bioretention basin using the
following equations (Dietz & Arnold, 2018):
𝑊𝑄𝑉 =

𝑃×𝑅𝑣 ×𝐴
12

Rv = 0.05+0.009(I)

Eq 1
Eq 2

The basic design for permeable pavers, asphalt, and concrete consist of the main
permeable paver, asphalt, or concrete on top, but under them are layers of aggregate of different
sizes and percentages of void space as high as 40%. All three have small stones under the top
pavement layer, with large stones under that, and medium or light compacted subgrade under
that. But, the concrete pavers have a bedding layer between the pavers and small stones (Weiss et
al., 2017). The high porosity stone layers are essential for the storage of water, since the
infiltration rates of subgrade soils are often less than the rate at which the system receives
precipitation. In order for these permeable structures to function well, they must be able to
handle the speed and weight of traffic, be able to effectively infiltrate and store stormwater, and
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have soil under them that can also effectively infiltrate the water that collects within the system
(such as sand) (Weiss et al., 2017; Bean et al., 2007). The infiltration ability of the subgrade soils
can be a limiting factor for the pavement’s ability to handle runoff (Weiss et al., 2017). However,
even when clay-filled soils are present, permeable pavements can be used, as long as a bigger
reservoir and/or underdrains are used (Dietz, 2007). When some of the water that normally just
infiltrates into the soil leaves via underdrain, it is called partial infiltration (Drake, 2014).
Different designs are used for permeable pavements, with variations in the size of aggregate,
number of sublayers, thickness of the top layer, and whether a geotextile fabric is used.
However, a general rule of thumb is to use the thicker value for design layers determined by both
hydrologic and structural design needs. Void spaces could be reduced to increase strength, but
this would reduce permeability (Weiss et al., 2017).
A standard method of structural design has not been developed. Efforts are made to be
able to handle the wear and loading of use, keeping in mind that both the top permeable
pavement layer and its aggregate sublayers tend to be weaker than layers typically utilized in
pavement, and that structural integrity would vary within the large variety of types, requiring
different models for each type (Weiss et al., 2017). In a study performed by Brattebo & Booth
(2003), the concrete pavers Turfstone® and UNI Eco-Stone® were found to be roughly as
durable as asphalt, but plastic pavers such as Grasspave® and Gravelpave® were found to be
less durable and required more maintenance.
Hydrologic design, on the other hand, has more standard methods of design, even
between pavement types. As discussed above, the main idea for these systems is to be able to
hold runoff created by the design storm (this can be not only in the layer of permeable pavement
and its sublayers, but in underground storage tanks and aboveground storage in curbs) and to
drain it back out into the soils or drainage systems. Designing a pavement that can hold all of the
runoff it receives within its subbase also helps prevent freeze-thaw damage. Still, there is no
single method used by all designers, and many methods, such as the curve number method, the
rational method, permeable interlocking concrete pavers (PICP) method, Los Angeles county
method, and computer modeling, exist. For example, the curve number method determines
storage volumes by the following equations, where Q is the runoff depth, P is precipitation depth,
CN is the composite curve number for each site that can be found from the NCRS table of values
based on soil type and land use, S is the “maximum basin storage after runoff begins,” and K is a
constant with a value of 2.54 for centimeter units and 1.0 for inch units (Weiss et al., 2017):
𝑆 = 𝐾 × (1000/𝐶𝑁 − 10)
𝑄 =

(𝑃

− 0.2𝑆)2

(𝑃 + 0.8𝑆)

Eq 3
Eq 4

However, since there is no consideration for travel time in this equation, the curve method can
only be used for large watersheds, and only with an accuracy within +/– 30% . Its predicted
values are potentially even less accurate for smaller watersheds. This is different from the
rational method, which can only be accurately used for small watersheds of less than 5 acres
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(Weiss et al., 2017). Clearly, different models are suited for different situations, but it would be
helpful if a universal hydrologic design method could be found.
Maintenance
Permeable pavements can become easily clogged in the presence of fine particles such as
sand. Bean et al. (2007) found that infiltration rates in PICP next to disturbed soils with fine
particles had median infiltration rates of 8.0 cm/h, while sites away from the disturbed soil had
median infiltration rates of 2,000 cm/h. For porous concrete (PC), the medium infiltration rates
were 16 cm/h and 4,000 cm/h for near and away from fine particles, respectively. The concrete
grid pavers (CGP) they studied were not as drastically affected, probably due to the size of their
aggregate of sand rather than stone (Bean et al., 2007). Clogging particles can not only come
from nearby disturbed soil, but vegetation, sand application during the winter (both directly
applied, and brought on cars from other road surfaces), and particles worn off by tires (Weiss et
al., 2017). These fine particles then trap bigger particles. The rate at which pavements become
clogged thus increases over time (Bean et al., 2007). Often, it is the top 2 cm of a permeable
surface that is clogged, although this is not always the case, depending on the pavement and
solids involved (Dietz, 2007; Weiss et al., 2017). A study by Bean et al. (2007) found that
removing the top 1.5-2.0 cm for pavements that receive medium traffic and the top 2.0-2.5 cm
for pavements that receive heavy traffic greatly restored their infiltration abilities. Also, in hot
weather, binder can become less viscous, leading to binder drawdown or binder swelling, and
resulting in clogging. This can be partially prevented using special binder mixes and the use of
fiber or polymer additives. The amount of void space available to hold water can also decrease
under heavy loads (Weiss et al., 2017).
Although water can still infiltrate with clogging present, it is important to clean at regular
intervals to maintain higher infiltration rates and maintain a minimum infiltration rate of at least
25 cm/hr (Weiss et al., 2017). For example, with pavers the infill materials are replaced. With
pervious pavement, a succession of vacuum sweeping, pressure washing, and suction removal of
sludge is effective at increasing the infiltration rate (Dietz, 2007). Although pressure washing
and vacuum sweeping are often the two recommended maintenance activities, pressure washing,
or a combination of the two, is often found to be more effective. There is a risk, however, that
vacuuming will not be effective and that using high pressure washing could push some clogging
particles further into the pavement. These methods are also not effective on areas with low
infiltration rates, because this is often less of a clogging issue, and more of an issue with the mix
design, and areas with void space loss due to loading. Despite these risks, regular maintenance is
still necessary, and has been found to restore at least some of a pavement’s original infiltration
capacity through the removal of particles in the top part of the pavement system. Cleaning rates
from four times a year, to twice a year, to at least once a year have been suggested, with some
even going as far to say that maintenance should be performed after heavy rain or wind events in
the presence of a lot of vegetation (Weiss et al., 2017).
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Previous research on hydraulics/ performance evaluation
Various factors have been found to affect permeable pavement hydraulic performance.
Even before pavements are used, their performance and durability can be greatly affected by the
mixes used for them and how they were constructed. Then, once in use, performance is greatly
affected by age, in terms of wear, compression, and clogging (Weiss et al., 2017).
Parking lots do not receive as much regular wear as roads, thus their infiltration capacity
is affected at a slower rate (Brattebo & Booth, 2003). Parking spots have been found to have
infiltration capacities 1000 times higher than driving lanes (Weiss et al., 2017). There is even a
difference in infiltration within parking spots, with areas on parking spaces receiving more traffic
having lower infiltration rates, due to wheel ruts and clogging, than the center of a parking space.
However, even these areas of lower permeability and areas without frequent maintenance can
still have reasonable infiltration rates (Illgen et al., 2007). For example, PICPs were found to
infiltrate 81% of a 50 mm/hr rainfall, and 90% of a 25 mm/hr rainfall, even when clogged (Weiss
et al., 2017). Unclogged areas can also compensate for clogged areas of the same pavement. The
ability of a pavement to infiltrate water is often more limited by subbase material infiltration
capacity than the clogging of the pavement itself. Although there is no standard way to measure
the infiltration rate of these soils, ideally, they should be made of sand or loamy sand. Poor
infiltration capacities of subgrade soils can be compensated for with installed underdrains. When
subgrade soils are installed over soil containing clay, peak flow rates can be reduced by over
90% and run-off volumes can be reduced by 43% with the use of a valved underdrain.
Sometimes geotextile fabrics are installed within pavement structures to improve water quality.
However, this greatly decreases infiltration rates due to the clogging of the fabric with solids
(Weiss et al., 2017).
Infiltration rates are not only affected by the structure of a pavement, but by the rain
event itself. The greater the rain intensity, the more water infiltrates a pavement, even when
runoff occurs. However, the duration does not have an effect beyond short-term events since the
infiltration rate decreases during the beginning of an event while the pores fill, but then once the
pores become sufficiently saturated after 5-10 minutes, the value becomes constant. These initial
rates for infiltration, thus, do not indicate the hydraulic conductivity of a pavement, which is
more generally applicable. However, the performance of a pavement is often based on this
infiltration capacity since it is easier to measure. The slope of the surface of the pavement does
not have as much of an effect on infiltration as clogging and rain intensity, especially if the
pavement is highly permeable (Illgen et al., 2007).
Overall, for ideal infiltration conditions to be met: (1) the underlying soils should have
reasonable infiltration rates, or an underdrain should be installed; (2) the pavement should be
cleaned regularly to prevent clogging in the top layer; (3) the pavement should have a proper mix
(with fibers preventing drawdown added in hot areas) and be installed correctly; (4) loads placed
on the pavement should not be too great as to cause significant damage; (5) the water table
should not be too high; and (6) the slope of the surface of the pavement should not be too
extreme (Weiss et al., 2017).
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Previous research on water quality (pollutants/conductivity)
Permeable pavements and their layers of aggregate underneath can filter out pollutants
from storm-water runoff and prevent their transference to groundwater. They can filter out
suspended pollutants that are a part of the total suspended solids (TSS), motor oil, and metals
(such as copper and zinc) (Brattebo & Booth, 2003; Weiss et al., 2017). The exportation of
phosphorus is sometimes an issue, due to its tendency to not be retained by pervious structures,
high soil phosphorus levels, and fertilization (Dietz, 2007). Although most contaminants come
from human inputs from vehicles and contaminants falling from the air, chromium levels are
sometimes released from certain pavements themselves (Weiss et al., 2017). Also, permeable
pavements tend to increase the hardness and conductivity of water infiltrating the pavement as
compared to runoff (Brattebo & Booth, 2003). A benefit to this is that there tends to be a
correlation between higher hardness levels, and higher pH values. pH values are raised in water
passing through pavement systems. Due to a lower solubility of metals at higher pH levels, this
may cause some metals to precipitate out of water that will eventually enter the groundwater
system. The subbase soil can also provide an area for higher and more diverse microbial activityrelated breakdown since it tends to have more water, void space, and total organic content
(Weiss et al., 2017). Water from high traffic areas may still need to be collected and treated due
to such high levels of contaminants entering the system, but runoff from buildings and low traffic
areas can safely directly infiltrate into the ground. In terms of fecal coliform retention, further
research needs to be done (Dietz, 2007).
When underdrains are used at the bottom of pavement systems, water quality is
improved, even though it cannot travel through the soil under the pavement system. This is due
to the passive filter action of the pavement and aggregate base in the form of adsorption,
volatilization, biological degradation, and transformation (Drake, 2014).
Some contaminants do not readily adsorb to solids in the pavement system. This includes
nitrate and salts. The latter can also participate in cation exchange with other metals, causing
them to leach from the system (Weiss et al., 2017). Chloride from salt can easily pass through
permeable pavements and move in soil. Since it is not easily retained, it can enter shallow
groundwater, raise chloride levels in streams, and threaten aquatic life not accustomed to
brackish waters (Dietz, 2007; Dietz et al., 2016). High levels of salt can come from winter
application. However, such high salt application may not be necessary on permeable pavements,
as will be discussed in the next section (Weiss et al., 2017).
Winter performance
Winter brings with it an elevated risk for certain pollutants. Heating systems in cars
release more combustion byproducts such as PAHs and vehicles are operated less efficiently.
Salt released for deicing purposes can contaminate shallow groundwater and degrade freshwater
as well as damage vegetation, weaken concrete, and increase corrosion rate, which in turn
releases more metals into the environment. Road salt can also contain more contaminants than
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just sodium and chloride. Analyzed road salt has been found to contain “measurable
concentrations of metals (Al, Ar, Ba, B, Ca, Pb, Mg, Mn, Ni, K, Sr, and Zn), nutrients (nitrogen
and phosphorus), and PAHs (naphthalene)” (Drake, 2014). Pollutants can then accumulate in
snow piles, and sometimes are in different and potentially more dangerous forms when they melt
out. Cation replacement, such as Na+ for Ca2+ and Mg2+, and complexation with chloride ions
can lead to heavy metals adsorbed in the system and in subsoils being leached out and to changes
in how the soils are structured. Higher sodium concentrations can also cause dispersion and
mobilization of colloids that can also assist in metal transport in unsaturated areas. Higher metal
concentrations are thus seen in winter and early spring exfiltrate (Drake, 2014).
Luckily, the performance of permeable pavements for pollutant filtration does not decline
during the winter months. Even in the winter, permeable pavements have been found to reduce
TSS, metals such as copper, iron, manganese, zinc, and sometimes aluminum (in the PICP only),
nutrients, petroleum hydrocarbons, PAHs, oil, and grease. In terms of nutrients, TN was reduced,
although still above recommended effluent guidelines, with significantly reduced NH4+, NH3,
NO2− and Org-N levels. In the winter, NH4+ and NH3 are not as effectively removed. However,
NO3- levels were not raised during the winter as can occur at other times of the year due to
nitrification. The theory is that in the summer, fall, and spring, pavement conditions allowed for
nitrification turning nitrogen into NO3-, but not denitrification of this product into N2 gas. More
saturated zones in the winter may allow for this second step. Overall TN removal was highest
during the winter, but this is due to concentrations of nitrogen in applied salt (Windsor Safe-TSalt). Although phosphorus levels were still reduced by 50% in the pavements (PICP being more
effective than PC), output PO43- and TP concentrations were seen to be higher in the winter. This
could also be due to phosphorus presence in applied salt. Although salts are not readily absorbed
in these pavements, their concentrations in pavement effluent and in runoff over asphalt
pavements differ by an order of magnitude because the pavements provide temporary storage
that dilutes sodium and chloride concentrations and spreads out their exposure to the ecosystem
over time (Drake, 2014).
Infiltration in permeable pavements is not affected by frost or freeze thaw. Studies have
found that frost penetration, even up to depths of 71 cm, do not decrease infiltration capacity or
have any frost heave-related impact (Weiss et al., 2017). Since water still infiltrates the
pavement, the pavements are able to drain quickly enough to prevent the formation of ice, and
the top area of the pavement is warmed by this infiltrating water. Also, water that flows into the
ground can increase the ground’s latent heat, ultimately keeping the pavements warmer, and air
in the aggregate can provide insulation (Drake, 2014; Weiss et al., 2017). Since permeable
pavements are more resistant to freezing, they may also be more resistant to frost heave (Drake,
2014). In fact, infiltration during the winter has been found to be higher in the winter than during
the summer, because heat in the summer can cause binders to expand and fill the void space
(Weiss et al., 2017).
Sanding of permeable pavements can clog pores and salting can lead to groundwater
contamination (Dietz, 2007). Thus, the application of sand is not recommended (Weiss et al.,
9

2017). However, even when just salt is applied to these pavements at approximately 75% lower
amount than typical impervious-pavement application, they can maintain (perhaps even improve)
high skid resistance and low snow and ice cover, due to their abilities of infiltration (Drake,
2014; Weiss et al., 2017). One study even found that when no salt was added at all, there was
still the same amount of bare pavement exposed as on conventional asphalt. Since salt can
negatively affect the environment and may even cause structural damage, its application should
be limited (Weiss et al., 2017).
Need for future research
Future research can be done with field research components rather than research based on
modeling (Dietz & Arnold, 2018). A relationship between the size of the permeable pavement
and the water quality of effluent can be found to determine if and when there is a diminishing
return of water quality benefit for the constructed size (Dietz & Arnold, 2018). New studies
could also be done on fecal coliform retention, bacteria/virus retention, and chloride movements,
and could be performed over longer periods of time (Dietz, 2007). This study showed that
numerical models can match quite well the behavior for bare soil. Therefore, further numerical
modeling can prove useful in understanding the interactions between the porous pavement and
the subbase soil.
This study will help fill the research gaps by using field measurements to compare with
expected modeled amounts of water content and ions present in the permeable pavement system
at different depths. This will help increase the understanding of how water and ions such as
chloride from road salt flow through the system.

Objectives
The goals of this research were: (i) to use geophysical equipment to monitor the quantity
and quality of water flow through permeable pavements, (ii) to apply a numerical model of flow
in the unsaturated zone to the study site and compare results to the observations, and (iii) to
determine the necessity of de-icing materials on permeable pavements. In order to achieve these
goals, permeable pavement plots with a gravel reservoir underneath were designed and
constructed at the Depot Campus of the University of Connecticut. Probes that could measure
volumetric water content, electrical conductivity, permittivity, and temperature were originally
installed within both the gravel and subsoil portions of the permeable pavement system, but then
they were moved to mainly the soil portions due to better data production. Using both the data
from these probes, the patterns of moisture and electrical conductivity in the soil below the
permeable pavement system was analyzed and compared to a bare ground site. A numerical
model of volumetric water content was calibrated to the conditions on the pavement plot using a
laboratory analysis of the soils, and this was subsequently compared to the volumetric water
content data produced by the probes.
It was also a goal of this research to determine the necessity of de-icing materials on
permeable pavements and the impact of using de-icing materials on the environment. However,
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due to difficulties with the probes’ ability to accurately produce electrical conductivity data,
weather issues, and then COVID-19 restrictions, this aspect of the research had to be put off for
future studies in favor of modeling which could be performed remotely.

Materials
To set up the site, permeable pavement pads were ordered and placed over holes that
were dug, filled with gravel, and had probes installed in them. These probes were TDR Soil
Moisture and Temperature Profile Sensors. They were called SoilVUE™10, a form of Campbell
TrueWave™TDR technology, and they could measure soil moisture, electrical conductivity,
permittivity, and temperature. These sensors measure the immediate area around the probes
(Campbell Scientific, 2019).
For the sieve analysis, a mechanical shaker was used with sieve sizes #4, 10, 20, 40, 60,
100, and 200 to separate the different portions of the soil so they could be weighed. For the
subsequent hydrometer analysis, a 152H hydrometer, a dispersion cup with a mechanical stirrer,
two 1-liter glass jars, a stopwatch, two thermometers, a scale, and a deflocculation agent
(Sodium Hexametaphosphate) were used.
To test the hydraulic conductivity of the soil cores, tubing, flow cells, a Mariotte tube,
stopwatch, graduated cylinder, and meter stick were used. Similarly, to test the hydraulic
conductivity of the pavement cores, tubing, a water reservoir, rubber sleeves, rubber stoppers, a
stopwatch, graduated cylinder, and meter stick were used.
The software used to model the moisture content below the pavement system was a
numerical code developed by Professor Bagtzoglou in MATLAB R2020b.

Site Setup
For this experiment, four plots with dimensions 4 feet by 5 feet were created. Two of
them were control plots. The impervious control plot was covered by an impervious tarp. The
bare ground control had neither an impervious cover nor permeable pavement. This plot had a
thin gravel layer on top to prevent the site from becoming muddy and the dirt from being
disrupted. This layer was thin enough to not impede the penetration of water. The final two plots
were the permeable pavement plots. SoilVUE10 probes, which are known to be accurate in their
measurement of soil moisture, electrical conductivity, and temperature, were installed in the bare
ground and permeable pavement plots, and a single moisture sensor was installed below the
impervious plot to verify that there was not infiltration (Campbell Scientific, 2019). These
probes were attached to the Campbell Weather station which frequently recorded and sent their
data to the USGS Subsurface Insights website. Rhostick probes were installed in the bare ground
control and the impervious control, and these automatically sent their own data to the site.
However, as these probes were recently developed, and their design is being improved upon,
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updated rhostick probes would have needed to be installed in all four plots for them to be useful
to this experiment.
The permeable pavement plots themselves were designed to accommodate rainfall (see
Figure 1). The soils in the region of installation tend to be fairly compact. For this reason, each
plot was installed with approximately a foot of large crushed stone on the bottom and two inches
of small crushed stone between this large stone and a permeable concrete pad as a reservoir and
choker course. Without this reservoir, precipitation would pool in the permeable concrete,
instead of allowing the water to pass through.

Figure 1: Cross section of permeable pavement plots

Laboratory Experiments
Methods
Soil Analysis
When the permeable pavement plots were constructed, soil was collected from the 14inch-deep holes made for the gravel subgrade. A sieve analysis was completed using sieve #4,
10, 20, 40, 60, 100, and 200 (corresponding to diameters of 4.75, 2, 0.85, 0.425, 0.25, 0.15, and
0.075 mm respectively). Sieves with smaller diameters were chosen due to the absence of large
particles and the appearance of clay pockets in the holes. First, the samples were dried, then the
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sieves were each cleaned, weighed, and stacked in order of diameter, with the #4 sieve at the top
and the #200 sieve at the bottom. A pan (also weighed) was placed at the bottom. Approximately
500 g of a soil sample was weighed out and poured onto the top sieve. The stack was placed in a
mechanical shaker for 15 minutes, then each sieve and the pan were weighed with the soil
retained in them.
The data obtained was first analyzed by subtracting the mass of each sieve and the soil in
it by the mass of the sieve alone to obtain the soil retained. The percent retained was found by
dividing the mass of the soil retained by the original total sample size. The percent passing was
found by subtracting the percent retained from 100% for the top sieve #4, and then by
subtracting the percent retained from the percent passing from the previous sieve for the
remaining sieves and pan. A semilogarithmic plot with grain size in mm on the x-axis and
percent finer on the y-axis was then plotted. The uniformity coefficient (Cu) was found by the
following equation:
𝐷

𝐶𝑢 = 𝐷60
10

Eq 5

where D60 is the sieve diameter that would let 60% of the sample pass and D10 is the sieve
diameter that would let 10% of the sample pass (as determined by the semilogarithmic plot). The
coefficient of curvature (Cc) was found by the following equation:
2
𝐷30

𝐶𝑐 = 𝐷

10 𝐷60

Eq 6

Where D30 is the sieve diameter that would let 30% of the sample pass. This whole process was
completed separately with the samples from the first and then second permeable pavement plots.
Since a high percentage of fines passed the final sieve, a hydrometer analysis needed to
be conducted on the two samples to complete the grain size distribution curve. First, the samples
were weighed. Then, 1 liter of a 40 g/L solution of the dispersal agent Sodium
Hexametaphosphate was created. The samples were then soaked in this solution for
approximately 16 hours to prevent the agglomeration of flocs during the experiment. When it
came time to begin the experiment, a 1-liter tube was filled with DI water, and each 152H
hydrometer was placed inside. The number given by the hydrometer was recorded as the zero
correction. The difference between the value at water level and the value at the meniscus was
recorded as the meniscus correction. Distilled water in a squirt bottle was used to transfer the
entire sample into a cup, which was then stirred for 15 minutes in a mechanical mixer. Each
sample was then put in a 1-liter tube and then DI water was used to fill the rest of the tube up to
the 1 liter mark. A stopper was placed on top, and then the tube was mixed by inversion 60
times. After this was completed, a stopwatch was immediately started, the stopper was taken off,
and measurements began. Measurements were taken after 15 seconds, 30 seconds, 1 minute, etc,
with the elapsed time approximately doubling each time, until 48 hours had passed. Each time,
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the hydrometer was slowly lowered in to not disturb the suspension, and the temperature of the
solution was taken with a thermometer. The samples were left in a temperature bath after 30
minutes so that the temperature would stay constant between readings.
Once the experiment was completed, an analysis was done to determine the grain size
distribution. The specific gravity of the soil samples (GS) was approximated to be 2.70, because
quartz, which tends to be abundant in Connecticut soils, has a GS of 2.65, but these soil samples
were darker, indicating more organic matter and a higher density. Using referenced tables that
can be found in the appendix, the correction factor was found to be 0.99 for a GS of 2.70. The
temperature correction factors (CT), constant K, and effective depth (L) in centimeters of each
measurement were also determined from these tables (Bowles, 1978).
The actual hydrometer readings were then corrected by the following equation:
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑚𝑒𝑡𝑒𝑟 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 = 𝑅𝑐 = 𝑅𝑎𝑐𝑡𝑢𝑎𝑙 − 𝑚𝑒𝑛𝑖𝑠𝑐𝑢𝑠 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 − 𝑧𝑒𝑟𝑜 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 + 𝐶𝑇

Eq 7
The diameter of the particles (in mm) that were falling out of the solution was determined by the
following equation, where t is the elapsed time in minutes:
𝐷 = 𝐾√𝐿/𝑡

Eq 8

The percentage of the fine soil sample that was finer than this diameter was determined by the
following equation, where WS is the dry weight of the soil in the sample (in grams):
% 𝑓𝑖𝑛𝑒𝑟 = 𝑅𝑐 (𝑎)/𝑊𝑆

Eq 9

These values were then multiplied by the percent of the finest portion of the larger original
sample that was used in the hydrometer analysis. The corrected percentages were added to the
grain size distribution along with their determined diameters.
The hydraulic conductivity of soil cores taken from the bottom of the permeable
pavement plots was determined. Two cores were taken from each of the two plots. The soil cores
were extracted in rings that allowed them to be easily put in a flow cell. The mass of this flow
cell was measured before the experiment while the soil inside was still dry, after the experiment
while the soil inside was saturated, and once the soil was removed. By subtracting the empty
flow cell from the flow cell with the dry soil inside, the dry mass of each soil sample was
determined. This was double checked after the experiment when the soil that was taken out of
the flow cell, was dried in an oven, and then weighed. Both measurements of soil mass were very
similar. The mass of the saturated soil was determined by subtracting the empty flow cell mass
from the flow cell with the wet soil inside. The dimensions of the inside of the flow cell were
also taken. The dry bulk density was determined by dividing the dry mass of the soil by the
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volume inside the flow cell. The wet bulk density was determined in the same way, but with the
saturated mass of the soil. The porosity of each soil sample was determined using two methods:
Porosity determined using the dry bulk density only:
𝑑𝑟𝑦 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝜂 = 1 − ( 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ) = 1 − (

𝑑𝑟𝑦 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
)
𝐺𝑆𝑜𝑖𝑙 𝜌𝑤

≈1−(

𝑑𝑟𝑦 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
)
2.70×1

Eq 10

Porosity determined using both saturated and unsaturated soil mass:

𝜂

= 𝑉𝑉𝑝𝑜𝑟𝑒𝑠 =
𝑡𝑜𝑡𝑎𝑙

𝑚𝑤𝑎𝑡𝑒𝑟
𝜌𝑤𝑎𝑡𝑒𝑟
𝑉𝑡𝑜𝑡𝑎𝑙

𝑚𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑−𝑚𝑑𝑟𝑦

≈

1 𝑔/𝑐𝑚3

=

𝑉𝑡𝑜𝑡𝑎𝑙

𝑚𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑−𝑚𝑑𝑟𝑦
𝑉𝑡𝑜𝑡𝑎𝑙

Eq 11

Both methods assumed that the density of water was 1 g/cm3 and that the specific gravity of the
soil samples (GS) was 2.70. The final porosity values were an average of the results from these
two methods. The gravimetric water content was determined by the following equation:
𝑚

𝐺𝑟𝑎𝑣𝑖𝑚𝑒𝑡𝑟𝑖𝑐 𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%) = 𝑚 𝑤𝑎𝑡𝑒𝑟 =
𝑑𝑟𝑦 𝑠𝑜𝑖𝑙

𝑚𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 −𝑚𝑑𝑟𝑦
𝑚𝑑𝑟𝑦

Eq 12

In the experiment itself, a Marriotte tube filled with water was attached to the bottom of
the flow cell to provide a constant pressure head. Water then flowed from the Marriotte tube up
through the bottom of the sample, out through a tube attached to the top, and into a graduated
cylinder (see Figure 2). Three trials were performed where the amount of time it took for the
graduated cylinder to fill to a certain amount was recorded. A flow rate (Q) was calculated by
dividing the volume collected (in mL, which is equivalent to cm3) over the amount of time in
seconds. The hydraulic head (h) was determined by measuring the height difference in
centimeters between the bottom of the air bubble in the center of the Marriotte tube and where
the water left the tube that directed the water into the graduated cylinder. Darcy’s Law was
rearranged to determine the hydraulic conductivity in the following form:
𝐾=

𝑄×𝐿
𝐴×ℎ

Eq 13

Where Q is the flow rate in cm3/s, A is the cross-sectional area of the flow cell in cm2, K is the
saturated hydraulic conductivity in cm/s, h is the hydraulic head in cm, and L is the length, or
height, of the soil column in cm.
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Figure 2: Apparatus for determining the hydraulic conductivity of soil cores.

Pavement Analysis
A similar set up was used to determine the hydraulic conductivity of cores taken from
the permeable pavement. Here, the dimensions of the core were taken, a rubber sleeve was fitted
around it, and two stoppers were sealed to the ends. A tube was attached coming towards the
sample and another away from the sample at the ends. Water was added to an external reservoir
that was connected by a tube to the bottom of the sample, and another tube came out of the top of
the sample and into another graduated cylinder (see Figure 3). Once the pavement core was full
of water and the height of this reservoir was stable, so too was the hydraulic head. The height
difference between the water level and the bottom of the release tube was measured as the
pressure head h in cm. For each trial, the water from the release tube was allowed to flow into a
graduated cylinder, and the time elapsed was measured for the collection of at least 100 mL or
cm3 of water. Once this had passed, and the volume and time had been recorded, the temperature
was quickly taken, and the process was repeated.
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Figure 3: Apparatus for determining the hydraulic conductivity of pavement cores.
Two methods were used to get to hydraulic conductivity values. For the first set of trials,
the average flow rate Q (cm3/s), temperature (°C), and viscosity of water ƞ at each temperature
(poise=g/cm*s; as determined by Table 6-1 from Bowles (1978) in the appendix) was calculated.
The cross-sectional area A (cm2), the length of the sample L (cm), and the pressure head h (cm)
were also determined. Then, the same version of Darcy’s equation was used to give a single
value for hydraulic conductivity (cm/s) at that average temperature:
𝑘𝑟 =

𝑄×𝐿

Eq 14

𝐴×ℎ

The hydraulic conductivity value was then corrected for the temperature and the hydraulic
conductivity value at 20°C (cm/s) was found by the following equation:
𝜂

𝑘20 = 𝑘𝑟 × 𝜂 𝑟

20

Eq 15

where 𝜂20 is the viscosity of water at 20°C, or 0.01005 poise (see Table 6-1).
A second experiment using the first pavement core and another longer experiment using a
second pavement core were completed with a slightly different method. Here, Darcy’s equation
was directly corrected for temperature, like so:
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𝑄 = 𝑘𝑟 ×

𝐴×ℎ

=

𝐿

𝑘20 ×𝜂20
𝜂𝑟

×

𝐴×ℎ
𝐿

= 𝑘20 ×

𝜂20 ×𝐴×ℎ

Eq 16

𝜂𝑟 ×𝐿

The values for 𝜂𝑟 (poise=g/cm*s), A (cm2), h (cm), L (cm), and the given value of
𝜂20 (poise=g/cm*s) were used to determine a value of

𝜂20 ×𝐴×ℎ

𝜂20 ×𝐴×ℎ

𝜂𝑟 ×𝐿

𝜂𝑟 ×𝐿

for each trial. Then,

was

plotted on the x-axis and Q (cm3) was plotted on the y-axis of a graph for each experiment. The
value for hydraulic conductivity at 20°C (𝑘20 in cm/s) was determined to be the slope of the linear
regression of each graph.

Results
Soil Analysis
The sieve analysis was able to determine the distribution of large grain sizes. Tables 1
and 3 show how much of the sample was able to pass through different sieve sizes. Tables 2
and 4 show that very little sample was lost in the process. 99.92% of the plot 1 sample and
99.96% of the plot 2 sample by mass was retained.
Table 1: Percentage of the plot 1 sample that passed through each sieve diameter.
Sieve
Number

Diameter
(mm)

Percent
Passing

4

4.75

92.22%

10

2

89.01%

20

0.85

82.93%

40

0.425

68.99%

60

0.25

51.29%

100

0.15

36.64%

200

0.075

19.12%
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Table 2: Percentage of the plot 1 soil sample retained through the sieve analysis process, as
determined by the theoretical total weight of soil measured during the sieve analysis and the
actual initial weight measured.
Theoretical Total Weight (g)

559.0

Actual Total Weight (g)

559.47

Percentage of soil retained

99.92%

Table 3: Percentage of the plot 2 sample that passed through each sieve diameter.
Sieve
Number

Diameter
(mm)

Percent
Passing

4

4.75

91.60%

10

2

87.13%

20

0.85

80.04%

40

0.425

63.67%

60

0.25

45.20%

100

0.15

31.11%

200

0.075

16.93%

Table 4: Percentage of the plot 2 soil sample retained through the sieve analysis process, as
determined by the theoretical total weight of soil measured during the sieve analysis and the
actual initial weight measured.
Theoretical Total Weight (g)

571.0

Actual Total Weight (g)

571.22

Percentage of soil retained

99.96%
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A hydrometer analysis was then conducted on the finest selection of the sample that
made through all the sieves. As can be seen in Table 1, 19.12% of the plot 1 sample was
selected. For plot 2 (Table 3), this was 16.93%. The high percentages made it so the hydrometer
analysis was necessary. Tables 5 and 6 give the results from this part of the experiment. A
higher percentage of the sample was able to pass through the finer sieves in the plot 1 sample
than the plot 2 sample. A set of calculations was also completed with Gs of 2.75 (see Table 6-4
in the appendix), but the results were similar enough to that of Gs 2.70 that it was of little
consequence to the final plot (data using both 2.70 and 2.75 can be seen in the appendix).

Table 5: Plot 1 Hydrometer Analysis results.
Diameter (mm):

Percent Finer:

0.01275

18.38%

0.009494

17.61%

0.006797

17.23%

0.004941

16.22%

0.003501

15.71%

0.002527

15.27%

0.001767

15.06%

0.001465

14.56%

0.001040

14.56%

0.0009534

14.56%

0.0007416

14.51%
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Table 6: Plot 2 Hydrometer Analysis results.
Diameter (mm): Percent Finer:
0.07382

15.72%

0.05220

15.72%

0.03849

14.38%

0.02918

11.71%

0.02144

10.04%

0.01565

8.54%

0.01177

7.20%

0.008524

6.03%

0.006121

5.20%

0.004376

4.41%

0.003136

3.98%

0.002187

3.96%

0.001815

3.58%

0.001287

3.41%

0.001179

3.41%

0.0009192

2.74%
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The percent finer at each diameter was then plotted to create a grain size distribution for
both plots. This can be seen in Figure 4 below.

Figure 4: Grain Size distribution of particles in samples taken from plot 1 and plot 2 permeable
pavement sites.
The grain size distribution curves for both plots were very similar for the coarser grained
sieve analysis section. However, the plot 1 curve in the finer grains is much higher than the plot
2 curve, indicating a higher percentage of very fine material.
Using this curve, the constants D10, D30, and D60 were determined. They are the diameters
at which 10%, 30%, and 60% of the material could pass respectively. These were then used to
calculate the Uniformity Coefficient (Cu) and the Coefficient of Curvature (Cc) for the soil
samples. Table 8 shows these values for plot 2, and the results are expected. The Uniformity
Coefficient is 20 and the Coefficient of Curvature is 2.8. However, due to the curvature of the
plot 1 curve in the fines section, a strange D10 coefficient was obtained for plot 1. It created plot
1 Uniformity Coefficient (Cu) and the Coefficient of Curvature (Cc) values of 3500 and 560
respectively (Table 7).
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Table 7: Constants used to determine the Uniformity Coefficient and the Coefficient of
Curvature for plot 1.
D10 (mm)

0.0001

D30 (mm)

0.14

D60 (mm)

0.35

Cu (unitless)

3500

Cc (unitless)

560.0

Table 8: Constants used to determine the Uniformity Coefficient and the Coefficient of
Curvature for plot 2.
D10 (mm)

0.02

D30 (mm)

0.15

D60 (mm)

0.4

Cu (unitless)

20

Cc (unitless)

2.8

A hydraulic conductivity test was then performed on soil sample cores from the bottom
of the two permeable pavement plots before the crushed stone and pavement plots were installed
and results can be seen in Table 9. Porosity values were calculated to be between 42.44% and
53.91%. Hydraulic conductivity values ranged from 0.014 m/d or 0.000017 cm/s to 0.18 m/d or
0.00021 cm/s. These values vary by an order of magnitude. Both plot 1 and plot 2 samples
contain a higher and lower value of conductivity, a clear indication of the natural heterogeneity
of the site.
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Table 9: Porosity and hydraulic conductivity (K) of soil cores from the bottom of both
permeable pavement plots
Sample

Porosity

K (cm/s)

K (m/d)

Plot 1, #2

53.91%

0.00021

0.18

Plot 1, #1

44.23%

0.000025

0.022

Plot 2, #1

48.50%

0.000017

0.014

Plot 2, #2

42.44%

0.00021

0.18

Pavement Analysis
A hydraulic conductivity test was also performed on two cores of the permeable
concrete. In the original form of the experiment performed on the shorter core, a hydraulic
conductivity value of 0.03618 cm/s at the experimental temperature of water was found by
averaging the values of each trial (see Table 10). This corresponds to 0.03932 cm/s at a standard
temperature of 20°C.
Table 10: The hydraulic conductivity at experimental temperature and at 20°C of the shorter
pavement core as determined by average values.
kr

0.03618 cm/s

k20

0.03932 cm/s
55.74 in/hr
141.6 cm/hr
33.98 m/d

In the improved form of the experiment, the data from each trial was first corrected to be
at standard temperature, then plotted on a graph, and hydraulic conductivity values were found
by determining the slope of the linear regression. Figure 5 shows this graph for the experiment
on the shorter core and Figure 6 shows this for the longer core. The hydraulic conductivity at the
standard 20°C was found to be 0.0348 cm/s for the shorter pavement core (see Table 11) and
0.0390 cm/s for the longer pavement core (Table 12).
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Figure 5: Graph showing the relationship between Q and (η20/ηr)*A*(∆h/L) for the shorter
pavement core. The slope of this graph is assumed to be k20 based on the equation 𝑄 =
𝜂 ×𝐴×ℎ
𝑘20 × 20𝜂 ×𝐿 .
𝑟

Table 11: The hydraulic conductivity at 20°C of the shorter pavement core as determined by the
graph.
K20

0.0348 cm/s
49.3 in/hr
125 cm/hr
30.1 m/d
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Figure 6: Graph showing the relationship between Q and (η20/ηr)*A*(∆h/L) for the longer
pavement core. The slope of this graph is assumed to be k20 based on the equation 𝑄 =
𝜂 ×𝐴×ℎ
𝑘20 × 20𝜂 ×𝐿 .
𝑟

Table 12: The hydraulic conductivity at 20°C of the longer pavement core as determined by the
graph.
K20

0.0390 cm/s
55.3 in/hr
140 cm/hr
1.40 m/hr
33.7 m/d
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Discussion
Soil Analysis
The ultimate goal for this experiment is to not only interpret the movement of water and
ions through the permeable pavement and the gravel underneath using data collected from the
probes, but to create a comparable model. For this, a grain size distribution of the soil subgrade
and the hydraulic conductivity of both the soil subgrade and the permeable pavement is needed.
For the sieve and hydrometer analysis that were used to create the grain size distribution
curve, soil samples were taken near the end of the excavation of the permeable pavement plots,
approximately a foot down from the surface, but not at the exact level that the subgrade soils
would be. Although it would have been ideal to perform the sieve and then hydrometer analysis
on samples of dirt from directly below where the pavement and gravel would be, it was
determined that doing so would disturb the soil. Thus, the soil used for these analyses is likely
similar, but not exactly the same in composition to the soil below the gravel as we will assume in
the model.
Using the grain size distribution curve (Figure 4), it was determined that 50% of the soil
was fine sand or coarser. However, nearly 20% of the material was composed of silt and clay.
This agrees with the visual appearance of clay pockets that were seen when the permeable
pavement plots were dug. Although subgrades containing a lot of silt and clay are not ideal for
permeable pavement installation since they slow infiltration, the curve was typical of glacial till
which would be expected in Connecticut (Cao, Peaker & Ahmad, 2015).
A hydrometer analysis was used to determine the distribution of the silt and clay.
However, the results between the samples for plots 1 and 2 were very different (Table 7 and 8).
Plot 2 showed the expected gradual lowering of the distribution curve until very little of the
sample was left at the smallest diameters. The Uniformity Coefficient (Cu) for plot 2 was 20 and
the Coefficient of Curvature (Cc) was 2.8. The Uniformity Coefficient (Cu) should be greater
than 4 to 6 and the Coefficient of Curvature (Cc) should be between 1 and 3 for well graded soils
(Neenu, n.d.). The values for plot 2 were within these ranges, indicating a well-graded sample.
For the plot 1 sample, stranger values were obtained. A true D10 value for plot 1 could not be
determined from the grain size distribution, and its approximated value resulted in very large
coefficients. The Uniformity Coefficient (Cu) for plot 1 was 3500 and the Coefficient of
Curvature (Cc) was 560. Although the Uniformity Coefficient was greater than 6, its value was
unreasonably higher. The Coefficient of Curvature was way outside of the 1 to 3 range. Although
it is possible that these results are from a situational error, more samples for the hydrometer
analysis could have determined if it was a consequence of high levels of clay. When calculating
the percent finer values of the fine soil samples for plot 1, values greater than 100% were also
found (see Table A4 in the appendix), further indicating the presence of an error.
A hydraulic conductivity test was also performed on soil cores taken directly from the
soil subgrade. These samples were small and did not require much disturbance of surrounding
soils to extract. The values for porosity and hydraulic conductivity were fairly similar between
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the plot 1 and plot 2 samples, with porosity values ranging from 42.44% to 53.91% and
hydraulic conductivity values ranging from 0.014 m/d or 0.000017 cm/s to 0.18 m/d or 0.00021
cm/s (Table 9). The average of the porosity values would be 47.27%, close to the 50% expected
for well-aggregated soils (University of Minnesota Duluth, n.d.). Although the hydraulic
conductivity values ranged by over a magnitude, both plots contained a high and low value. Fine
sand would have a hydraulic conductivity K between 2x10-2 and 1x10-7 cm/s, but silt and till can
be 2x10-3 or less and 2x10-4 or less, respectively (AQTESOLV, 2020). The hydraulic
conductivity we have is less than 2x10-3, which would be expected due to the presence of silt and
clay.
Although ranges are often expected in the conductivity of soil, the values of conductivity
could have also been affected by their compaction. Since these plots are near trees, the original
soil cores had to be split in half, have large roots and large stones removed, and refilled with
extra soil from the other half. If these objects were not removed, this would have greatly skewed
the conductivity data, so the risk of a change in compaction was determined to be necessary.
Also, due to the speed of the water going through the sample, it was hard to know the original
temperature of the water before it entered the soil sample and came back out into the graduated
cylinder. Once in the graduated cylinder, the water had to sit at room temperature for up to 45
minutes until there was enough volume to be measured. Only then could the thermometer be
inserted without altering the volume measurement. Consequently, the temperature was
considered inaccurate, and although measured to be around 19°C, it was considered close enough
to 20°C to ignore.

Pavement Analysis
The process of water passing through the permeable pavement cores was much faster, so
temperatures were taken with every trial and considered accurate enough to correct the hydraulic
conductivity values. The values obtained for the hydraulic conductivity of the pavement cores at
20°C were 0.03932, 0.0348, and 0.0390 cm/s, averaging to 0.0377 cm/s (Table 10, 11, 12). This
value of conductivity is similar to that of coarse sand (Ritzema, 2014). The main potential error
that was noticed with this experiment was that air made its way into the tubing. The experiment
needed to be frequently paused between trials so that pockets of air could be coaxed out of the
tubing and the pavement core.

Flow through Unsaturated Media
This experiment measures the flow of water, which is often used to help predict the
movement of contaminants, through the unsaturated layers below the permeable pad, particularly
in the subsurface soils. These modeled areas make up the vadose zone of the site soils.
The vadose, or unsaturated, zone is composed of soil, moisture, and air. Water travels
through this zone to aquifers, groundwater, land surface, and/or the atmosphere. Sometimes the
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soil can filter out some of the contaminants in the soil, but infiltrating water can often bring the
contaminants to these receptor water bodies. The movement of water through the unsaturated
zone, as well as its quality, is affected by thermodynamics, chemical reactions, biological
activity (such as with plants, organisms, and microorganisms), and human activities like
agriculture, construction, and waste disposal (USGS, 2013).
Despite these complexities, the unsaturated zone does have a few basic characteristics
that can be used to summarize the infiltration of water and how much water content, or the
volume of water per bulk volume of medium, is at each depth. Matric pressure describes the
pressure in the pores of the soil compared to the air. The exact relationship between the matric
pressure and the actual pressure is through the retention curve which changes for different soils.
Atmospheric pressure would be zero matric pressure, and as the pressure within the pores is
below atmospheric pressure, unsaturated soil has a negative matric pressure. The higher the
saturation, the higher the matric pressure, making saturated soils have a matric pressure of zero,
equivalent to atmospheric pressure. The negative pressures within the pores are why there is a
section of capillary rise, or the suction of moisture up from the water table due to capillary
forces, above the water table. The negative pressure also holds moisture within the soil strongly
and is the reason for the residual volumetric water content (USGS, 2013).
Hydraulic conductivity, or how easily moisture moves through the soil, also affects the
flow. Richards’ equation, which uses the Darcy-Buckingham and continuity laws, can be used to
approximate the flow rate by multiplying the hydraulic conductivity by the driving force (or a
combination of gravity and pressure differences). Darcy’s equation alone can be used to describe
simpler situations (USGS, 2013).
These mathematical approximations still do not take into account preferential flow.
Preferential flow is when the soil medium is not even, and water instead flows through gaps in
the soil, such as large pores, wormholes, fractures, and pathways made by roots. Preferential
pathways can also be created along areas with greater wetness, and thus hydraulic conductivity,
areas where differing portions of the soil touch, by flow impeding blockades causing flow to be
funneled in a certain direction, and unstable flow (USGS, 2013).
The overall pattern to be expected with the infiltration of moisture through the
unsaturated zone is that the flow process starts at initial conditions. These initial conditions
include residual moisture, which is saturated at the water table, and curves upward, decreasing its
curvature towards the surface of the soil which has lower values of moisture due to evaporation
and plant usage. The higher portions of the soil are also not impacted, or minimally impacted by
capillary rise from the water table. Then, during a precipitation event, a moisture front moves
down the soil at a certain flow rate, gradually increasing the moisture of each layer as it moves
down. When precipitation ends, the top layers of the soil will gradually start to dry as water
continues to move down the soil column and as top layers experience evaporation. However, the
drying process is slower than the infiltration process due to the negative forces of the soil
preferring the intake rather than discarding soil moisture. Infiltration is also assisted by gravity,
unlike evaporation.
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Analysis of Probe Data
The goal of this experiment is to understand the quantity and quality of water flow
through permeable pavements. The quantity of water can be quantified by the volumetric water
content (VWC). The quality of water, or the number of ions dissolved in the water, can be
approximated using the electrical conductivity (EC). This section presents analysis of data from
one such permeable pavement plot.
The site used for this experiment has two permeable pavement plots, an impervious
pavement plot, and a bare ground plot covered in gravel to protect the integrity of the soil. The
following diagram was created by USGS scientist Neil Terry with data from the bare ground,
permeable pad #1 (PP1), and permeable pad #2 (PP2) plots. The data from the impervious plot
were not included because the impervious pavement had not been installed in case of a change in
probes. In the meantime, a tarp was placed on the plot.

Figure 7: Bare ground and permeable plot data until early November. Courtesy of Neil Terry.
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The depths for each plot and how they correspond with the surface of the soil can be seen
in the diagram below:

Figure 8: Probe Depths.
Using Figure 7 as a reference, the probe in the permeable pavement pad 1 was deemed to
be unreliable. It showed much higher water content readings than permeable pad 2, even at
shallow depths. While the values improved by decreasing gradually, most likely due to the
settling of the probes, the water content remained high. There seemed to be issues and high
values with the electrical conductivity readings for pad 1 as well. The 20 cm sensor, which is
almost halfway down the probe, had much higher EC readings than sensors at higher or lower
depths.
While reinstalling the probe for permeable pad 2 into the soil subgrade, the original 50
cm probe broke so a longer 100 cm probe was installed instead. The longer length means that
this probe was able to get data in both the gravel and soil portions under the pad, giving more
potential flexibility in future modeling. In addition, electrical conductivity data in the permeable
pavement pad 2 and the bare soil plot seemed to improve with this reinstallation, particularly
when there was high water content.
For these reasons, permeable pad 2 was chosen over permeable pad 1 to search for
patterns in the data. Volumetric water content (VWC), also known as soil moisture, and
electrical conductivity (EC) were also chosen as the important data to be analyzed. This is
because water content and permittivity show very similar patterns since the dielectric constant
Ka, or the ratio between the permittivity of the substance to the permittivity of a vacuum, is used
to calculate moisture. Also, the general temperature trend appeared as expected in Figure 7,
gradually decreasing as summer ended and fall-winter approached, with the shallowest depths
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showing the most variation in temperature and deeper sensor temperatures buffered by the
temperature of the ground.
For this analysis, the goal was to find recognizable patterns during rain events. The pads
were heavily watered to settle the dirt and gravel up next to the probe so that better contact and
readings could be achieved. This was done during the week of August 23rd as well as September
16th and 17th, 2020, so some reactions were expected during these times as well. A flush of water
such as this should increase the water content and maybe change EC values as dissolved ions and
particles are washed down the permeable pad structure.
Figure 9 and Figure 10 present temporal variations for the EC and moisture; peaks can
be seen during the week of August 23 and September 16 and 17. This is expected as this is when
the pads were rinsed. However, from the end of August through October, there were not any
other clear responses to precipitation evident. The Bulk EC graph shows a smooth gradual
decrease in values from the peaks, with the deeper sensors returning to low EC values more
gradually. In the beginning of November, these higher EC values were beginning to return. The
VWC graph also shows the pattern of gradual reduction after the peaks. However, particularly
after the second large spike, the data were not as smooth. The VWC graph had a lot of variations
and spiking, starting in October, but coming to full force in November.
September had very little precipitation, with most days having no precipitation or a
fraction of an inch (see Figure 11). Only the last day of the month broke an inch of precipitation,
taking up over two-thirds of the precipitation for the month. Still, no response was seen in the
graphs (Figures 12 and 13) other than a reaction to the artificial watering on the 17th.
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Figure 9: Bulk electrical conductivity of permeable pad 2.

Figure 10: Volumetric water content of permeable pad 2.
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Figure 11: September 2020 precipitation data for Storrs, taken from NOAA (2020).

Figure 12: Electrical conductivity for permeable pad 2 in September 2020
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Figure 13: Moisture content for permeable pad 2 in September 2020

Figure 14: Zoomed in graph of soil moisture content under permeable pad 2 (PP2) during the
rain event on September 30th.
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In Figure 14, the VWC graph was zoomed in to show September 30th and October 1st in
order to investigate the September 30th rain event without possible distractions from the large
spike in the full September graph. Even at this finer timescale, no response to the rain event was
observed. However, Figure 15, which illustrates the same rain event, just on the bare ground
site, does show a reaction to the rain event. The soil probe is able to detect the moisture content
increasing quickly and creating a few spikes with the intensity of the rain event, and then
gradually decreasing as the rain event finishes.

Figure 15: Zoomed in graph of soil moisture content on the bare ground site during the rain
event on September 30th.
According to the October precipitation data in Figure 16, the 30th had a storm with 1.57
inches of precipitation, the 13th had 0.82 inches and the 14th had 0.87 inches. A few smaller
precipitation events occurred on the 1st, 27th, 28th, 29th, and 30th. Considering the constant
precipitation from the 27th to the end of the month, including the day with the largest amount of
precipitation, a reaction was expected around this time. However, the EC graph (Figure 17)
showed nothing at this time, nor at the 13th and 14th. There was only minimal conductivity left
over in the beginning of October from the September spike in the deepest layers of the pad. The
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volumetric water content (Figure 18) might have shown a reaction at the end of the month in the
shallowest sensor. However, this is not likely as the pattern had been occurring since around the
18th and nothing like this happened during the precipitation on the 13th and 14th. It is also
possible that this spiking is due to whatever caused the spiking or noise that was about to start in
the VWC graph throughout November.

Figure 16: October 2020 precipitation data for Storrs, taken from NOAA (2020).
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Figure 17: Electrical conductivity for permeable pad 2 in October 2020.

Figure 18: Moisture content for permeable pad 2 in October 2020.
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Figure 19: Zoomed in graph of soil moisture content on the permeable pad 2 site during the rain
event on October 13-14th.
Zooming in on the October 13 and 14th rain event, similar patterns are seen as in the
September 30th rain event. Figure 19 shows little reactions to rain events in the permeable pad
2. The small spikes occur at the very beginning and end of when the rain event should occur and
may be small enough to amount to noise. On the other hand, Figure 20 shows spikes in VWC on
the bare ground site throughout the 13th, probably due to the rain event. It is interesting to note
that this pattern is not seen through October 14th as would be expected by the continued
precipitation recorded by NOAA (see Figure 16).
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Figure 20: Zoomed in graph of soil moisture content on the bare ground site during the rain
event on October 13-14th.

Figure 21: Zoomed in graph of soil moisture content on the permeable pad 2 site during the rain
event on October 27th-31st and November 2nd.
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The rain event on October 27th-31st and November 2nd was also analyzed. A similar
spike and decrease pattern was seen on the bare ground site (Figure 22), but a spiking pattern
also emerged on the permeable pad 2 site (Figure 21). The spiking on the permeable pad 2 site
was likely not from a rain event, as it had not been seen before, and was probably the beginning
of the error or noise in probe data that emerged in the beginning of November (see Figure 10).

Figure 22: Zoomed in graph of soil moisture content on the bare ground site during the rain
event on October 27th-31st and November 2nd.
Although November was to be a wetter month than September and October (see Figure 23), this
does not explain the large spikes in the moisture data that would start at the beginning of the
month (see Figure 10). The beginning of November also sees a gradual increase in EC (see
Figure 9). This cannot be explained by the solitary 0.74 inches of rain seen on November 2nd,
especially when low precipitation values did not show any influence over the graphs before. It is
also interesting that the 5 cm sensor started spiking first. If the spiking were a side-effect of high
groundwater levels, it would not have been expected to affect the shallowest probe sensor first.
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Figure 23: Precipitation data for Storrs during November 2020, taken from NOAA (2020).
Overall, while the wetting events during the week of August 23rd and on September 16
and 17th had a large effect on the electrical conductivity and volumetric water content graphs,
precipitation events did not seem to have much of an effect. It is possible that the force from the
large volume of water upset loose particles and ions in the gravel, which then took a long time to
be flushed from the system. This would explain the gradual decrease in electrical conductivity.
The flushing also forced the gravel and soil to move and settle against the probe, which could
also have led to the sudden spikes in data at these times. It is likely that the sheer volume from
the flushing events was so large and strong that precipitation events were too minimal in
comparison to be seen in the graphs. It may be possible to see the effects of precipitation if the
data are analyzed on smaller time scales around rain events and if smaller changes in VWC and
EC are considered. The biggest remaining concern is the unexplained spiking in the water
content data and increase in the electrical conductivity values in November. Perhaps these are
happening because the probes are experiencing a very close fit to the materials surrounding
them, rather than just measuring from the water flowing by.
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One reason that the probes may not be able to pick up any reaction from precipitation
events in the permeable pad site even though they are able to on the bare ground site is the
inherent ability of permeable pad systems to be a reservoir. When the permeable pads were
hosed, this larger amount of water could have been stored in the gravel and pad reservoirs and
then would have gradually infiltrated into the soil below. Even if this puddle of water did not
remain, the gravel reservoir under the permeable pad could have acted as a buffer that spread out
the infiltration of moisture from rain or wetting events.
On the bare ground sites, the moisture content spiked much quicker than would be
expected in natural soils but showed a gradual decrease. This may be because preferential paths
created around the probes during installation quickly filled with water, but then emptied at a
slower rate as the soil naturally drained.

Model of Unsaturated Flow and Moisture Content
Justification for Modeling Volumetric Water Content in Soil
The model in this study concentrated on the soil portion of the permeable pavement
system. This is because the hydraulic conductivity of the permeable pad and gravel are high
enough that water would pass through these two layers very quickly and pool on top of the soil
below. The behavior in the system could thus be assumed and would not follow the type of
behavior that this type of model is optimized to produce.
While studying the patterns of electrical conductivity in the permeable pavement system
and soils below were part of the original plans of this study, unfortunately the electrical
conductivity data did not show reliable enough patterns for this to be possible. Without reliable
data to calibrate the model to, there was not enough existing information to create a model about
the production and movement of ions and how that affects electrical conductivity in the
permeable pavement system.
The patterns of water flow through unsaturated soils, on the other hand, is well studied.
Even with the probe data uncertain, the volumetric water content aspect of the system would be
modeled using the parameters collected in the laboratory experiments.
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The van Genuchten Parametric Approximation
The van Genuchten parametric approximation model is used by numerical models to
study soil saturation at different depths/elevations. The time-stepping nature of numerical models
also makes it so the change in this moisture distribution over time can be shown. Van Genuchten
developed the following equations using his Soil Water Characteristic (SWC) curve and
Jackson’s model proposed by Mualem (1976):

Eq 17
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Eq 18

The following parameters were used in these equations, with the variable in parenthesis showing
how this parameter was represented in the code used for this project:
θ = the volumetric water content of the soil (theta)
θr = the residual volumetric water content of the soil (theta_r)
θs = the saturated volumetric water content of the soil (theta_s)
α = a soil parameter related to the air entry value or “bubbling pressure” (beta)
ψ = the matric suction (head)
m, n = soil parameters related to the rate of water extraction from the voids
n = the desaturation parameter determined from the distribution of pore pressures during
desaturation, or the slope of curves of moisture retention
m = 1 - (1/n)
Se = Saturation (S)
While the van Genuchten model does not take into consideration temperature, making it
an isothermal model, research has shown that that non-isothermal models are potentially more
accurate in their consideration of evaporation, particularly in semi-arid regions. However, nonisothermal models are much more complex, making them less practical. Also, the van Genuchten
model can be used as a basis for these more complex models (Zhang et al., 2020).
According to Zhang et al. (2020), the van Genuchten equations are non-linear functions of head
(h).
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Model Parameters
Table 15 shows the parameters that are built into the code to help fit the code to the
conditions in the soil on the site. First, the model was built to show the patterns that should occur
from the bottom of the soil portion down to the water table to simplify boundary conditions. The
water table at the site location averages at approximately 4 meters, or 400 centimeters, during the
year (USGS, 2021). Since the gravel reaches 22 centimeters below the surface, the thickness of
the section modeled (zmax) would be 378 centimeters. In order to have a resolution of one node
per centimeter, the number of nodes was set to 378+1.
The saturated hydraulic conductivity values came from the soil analysis completed in the
lab. Each site had a sample with a hydraulic conductivity 0.00021 cm/s and a sample that
averaged to 0.000021 cm/s. Due to the order of magnitude difference between these two values,
all of the hydraulic conductivity values were not averaged together, and instead two runs using
each of these values were completed.
The saturated volumetric water content was also derived from the soil lab experiments.
The value of 0.475 was obtained as an average of the porosity values obtained during these
experiments, as all values were within the range of 0.4244 and 0.5391.
Residual volumetric water content, beta, and n were all transferred from the original
“playground soil” model from Dr. Bagtzoglou that this project was based on, as his model was
optimized for similar soil containing a significant fine fraction.
Since the boundaries of the model are at the bottom of the gravel and at the water table,
both boundaries could be assumed to be at atmospheric pressure. This meant that the boundary
conditions could be set to 0.
The time at which the data was plotted was sent to every two minutes over a day since the
process of draining soil is typically slow. This period was used to show how the soil should drain
over a day following a precipitation event, like the zoomed in graphs of the probe data shown
above.
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Figure 24: Depths of the probe sensors for each plot. Courtesy of Neil Terry.
As can be seen from the figure above, while there is a direct correlation between the
sensor depths in the bare ground, or bare earth, site (see Table 13), the soil only begins at the 20
cm sensor on the permeable pad 2 site. Since this model only considers the characteristics of soil,
the corresponding depths for each sensor (see Table 14) would be 20cm less than the sensor
output name.
Table 13: How the depths in the modeled soil system would correspond with each probe sensor
based on where the probe starts in relation to the soil for the bare ground site.
Probe
sensor (cm)

Corresponding depth in
the modeled system (cm)

5

5

10

10

20

20

30

30

40

40

50

50

46

Table 14: How the depths in the modeled soil system would correspond with each probe sensor
based on where the probe starts in relation to the soil for the permeable pad 2.
Probe
sensor (cm)

Corresponding depth in
the modeled system (cm)

5

Above soil, in gravel

10

Above soil, in gravel

20

On soil/gravel interface

30

10

40

20

50

30

60

40

75

55

100

80

This is why 10, 20, 30, 40, 55, and 80 centimeters were used as the depth of sensors
(z_probe) under the permeable pavement system. Depths of 5, 10, 20, 30, 40, and 50 were used
when modeling the bare ground site.
The rest of the parameters (see Table 16) are inputted by the user in order to complete
the model, depending on what conditions they choose. For example, if the user specifies a
constant head at a boundary, then moisture content theta does not need to be specified at this
boundary. However, if the user requests a constant theta at a boundary, then they must input this
value. Further detail can be seen in the explanations directly written into the code below.
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Table 15: The model parameters that are encoded into the model.
Name

Symbol

Value

Unit

Depth of section (down to the
water table)

zmax

378 (for permeable pad two)

cm

400 (for the bare ground site)

cm

378+1

nodes

400+1

nodes

0.00021

cm/s

0.000021

cm/s

Number of nodes

Saturated hydraulic conductivity

nnodes

Ks

Saturated volumetric water content
aka porosity

Theta_s

0.475

unitless

Residual volumetric water content

Theta_r

0.0997

unitless

Soil parameter related to the air
entry value

Beta or alpha

0.00652

1/cm

Desaturation parameter

n

2.678

1/cm

Time at which the output is plotted

plot_time

Every two minutes for a day
([0:120:86400])

seconds

Initial condition for soil dryness
(should be negative since it is
suction)

icpar

-0

cm

Boundary condition (B.C.)
parameter for soil dryness at the
top

Bcpartop

0

cm

Boundary condition (B.C.)
parameter for soil dryness at the
bottom

Bcparbot

icpar

cm

Depths in the system that
correspond to probe depths

z_probe

[10 20 30 40 55 80]

cm

[5 10 20 30 40 50]

cm

The flux through the top boundary
if using Dirichlet conditions

Flux_top

0

cm3/s

The flux through the bottom
boundary if using Dirichlet
conditions

Flux_bot

0

cm3/s
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Table 16: Parameters that are input by the user while the code runs.
Name

Symbol

Unit

Moisture content

Theta

Unitless

Head

h

cm

The flux through the top
boundary if not using
Dirichlet conditions

Flux_top (if not
Dirichlet)

cm3/s

The flux through the
bottom boundary if not
using Dirichlet conditions

Flux_bot (if not
Dirichlet)

cm3/s

The head at the top
boundary

Head_top

cm

The head at the bottom
boundary

Head_bot

cm

The moisture content at the Theta_top
top boundary

unitless

The moisture content at the Theta_bot
bottom boundary

unitless

Time step

Delt

seconds

Maximum simulated time

Time_max

seconds

Justification for Parameter Choice
Ideally, instead of basing some of the parameters on the playground soil model,
parameters could have been found for the soil conditions on this site in particular. A report on
hydraulic properties of unsaturated soils by Mualem (1976) documented many different soil
types and their related parameters, including saturated hydraulic conductivity, porosity, residual
water content, and specific soil parameters like beta (also known as alpha) and n. Using both the
saturated hydraulic conductivity and the porosity, a match could have been made to the soil type
on the site, which could also be verified by a similar grain size distribution to the one obtained
during the laboratory experiments (see Figure 4). However, no experiment on a soil sample
taken by Mualem was a reasonably close match to the combination of saturated hydraulic
conductivity and porosity found in this experiment. Therefore, this report that acts as a database
of experiments could not be used to verify the values of other parameters.
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Other options were to run an unsaturated hydraulic conductivity test directly in the lab on
samples taken from the pavement site. However, lab closures due to the COVID-19 pandemic
and the length of such experiments made this unfeasible.
The final option would have been to optimize parameters so that the model reflected data
taken with the soil probes. However, as can be seen in the probe data section, the data taken from
the soil probes was not reflective of what would be expected from the movement of moisture
through unsaturated media. For this reason, the soil probe data was not considered reliable
enough to be used as a basis for the model parameters.
One reason that a match could not be found in the report created by Mualem (1976) is
that the soil on the site was not completely mixed in a natural matter. It is possible that the site
held engineered soil as a result of fill being used in the development surrounding the site. This is
supported by the pockets of different colors that were seen at the site as well as the kinks and
strange behavior present in the grain size distribution created from the site soils that would be
expected to be smooth for natural soils (Figure 4). Saturated hydraulic conductivity values also
differed by a whole order of magnitude within the same plot (Table 9).
In order to make the best of the situation, the grain size distribution was used to analyze
the percentage of each soil fraction. Then, using the following figure, the soil type was
approximated to be a sandy loam overall.

Figure 25: Soil texture types based on the percentage of clay, sand, and silt present in a soil
sample. Image taken from the USDA Soil Texture Calculator (n.d.).
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Between this determination, and the percentage of fine soil particles in the samples, it
was determined that the soil was similar enough to the soils used for the “playground soil” model
that it would be acceptable for the remaining parameters to be borrowed from that simulation.
The Matlab code used in this Thesis is based on a model developed by Dr. Amvrossios
Bagtzoglou using the van Genuchten parameterization. It can be found in the Appendix.

Model Output
Case 1
An example case for the model output uses the conditions of the saturated hydraulic
conductivity (Ks) 0.00021 cm/s, sensor depths for under the permeable pavement and gravel (10,
20, 30, 40, 55, and 80 cm), 378 cm down to the water table (zmax), 1st day after precipitation
(not using previous data), and non-uniform conditions which sets the water table at the bottom
(and porosity as 0.475 at the bottom). At the top boundary, Dirichlet conditions were used with a
specified head which is automatically set to 0 for ponding conditions occurring at the top. This
would have the same results if a specified theta equal to the porosity was used. At the bottom
boundary, Dirichlet conditions were used with a specified head which is automatically set to 0.
This encompasses the water table being at the bottom. The time step (delt) is 1 second, the
maximum simulated time (time_max) is one day (86400 seconds).
Figure 26 shows the initial conditions that would be present if the top boundary had no
ponding, and the bottom boundary was at the water table. This can be assumed because the
bottom of the model is at the saturated volumetric water content, or porosity value of 0.475,
meaning it is completely saturated at the bottom. The top does not quite meet the residual
volumetric water content since there is a high fraction of fine particles in the soil and the water
table is relatively shallow. Between the top boundary and bottom, the soil has a negative force.
This suctions up some of the water from the water table and creates the curved shape.
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Figure 26: The initial conditions that would be present with no ponding at the top but the water
table at the bottom.
The following figure (Figure 27) shows the change in the moisture content at different
depths after ponding took place for different time periods. The top boundary stays at 0.475 since
ponding at the top keeps this section of the model saturated. The front of water gradually moves
down the soil column. The bottom of the curve remains the same as the moisture has not reached
it to affect the pattern yet. The final results after a day can be seen in Figure 28. The top portion
is saturated from the water falling from ponding at the top, and the bottom portion still holds
moisture from the water table. In the middle, there still remain some dryer portions of soil.
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Figure 27: Model outputs over the first day after ponded conditions are allowed to slowly seep
into the soil. This shows the downward travel of the moisture front.
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Figure 28: Conditions present after one day of ponding as a result of precipitation.

Figure 29: The change in moisture content detected by each sensor on the probe over one day of
ponding.

54

Figure 29 shows the moisture content that each probe sensor would measure below the
gravel. The shallowest sensor (10 cm, corresponding to the 30 cm probe) starts at the lowest
moisture content and each sensor below that gradually has a higher moisture content it begins
with. This agrees with the initial condition curve seen in Figure 26. The initial moisture contents
are not near saturation as the maximum depth of 80 cm is small in comparison to the depth of the
model, 378 cm. The shallowest sensor also shows the quickest increase in moisture content, with
each sensor deeper gradually taking more time to get to the saturated moisture content of 0.475.
This makes sense since the moisture front is moving down the soil column from the top
boundary.

Case 1 with Ponding Still Occurring the Second Day
The model is then rerun with the same conditions, just starting from the results produced
for the day before as initial conditions for the new simulation. Keeping the conditions the same,
it is assumed there is still ponding on the top. Figure 30 shows the moisture content conditions at
the beginning of this day, which are the same as at the end of day one.

Figure 30: Moisture content values at different elevations in the model the beginning of day two
with ponding at the top.
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Figure 31: Model outputs over the second day after ponded conditions are allowed to slowly
seep into the soil. This shows the fall of the moisture front and the gradual change into complete
saturation.
Figure 31 shows how the moisture content would change over a second day with
ponding. Gradually, the saturated front travels further down into the soil. Eventually, by the end
of day two (Figure 32), the soil column appears to be almost entirely saturated at a moisture
content of 0.475.
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Figure 32: Conditions present after two days of ponding as a result of precipitation.

Figure 33: The change in moisture content detected by each sensor on the probe over two days
of ponding.
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Since nearly all probes had reached saturated levels by the end of day one, it is no
surprise that the probe moisture content for day two (Figure 33) would continue to be saturated
as ponding conditions remained.

Case 1 with No Ponding the Second or Third Day
This time, the conditions for the second day were changed to having no ponding on top,
representing an end in the precipitation event. This would be done by changing the top boundary
conditions to a specified flux of 0. A negative value could also be used in another simulation to
show the effects of exfiltration (e.g., evapotranspiration). However, the bottom of the gravel that
makes up the top boundary condition is not exposed to air so evaporation is minimal. If the
model were made for the bare soil plot, then evaporation could be considered. Dirichlet,
specified head conditions were kept at the bottom boundary since it is still saturated at the water
table.
Figure 34 shows the initial conditions for day two, which are the same as the final
conditions for day one.

Figure 34: Moisture content values at different elevations in the model the beginning of day two
that will not have any more ponding.
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Figure 35: Model outputs over the second day that no longer has ponded conditions. The fall of
the moisture front stops and the top layers begin to dry.
Figure 35 shows how the model output changes over day two. The moisture content no
longer increases at the top, and instead decreases as the water front falls down the soil column
and leaves dryer soil above. Figure 36 shows how conditions are left after day two.
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Figure 36: Conditions present after day two, with one day of no ponding.

Figure 37: The change in moisture content detected by each sensor on the probe after the second
day, where there was no longer ponding. The moisture content detected by the probes began to
decrease after the second day began.
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Figure 37 shows the moisture content at the depths of each of the probe sensors. Since
ponding ends at the end of the day one, the top layers are gradually allowed to dry. For this
reason, the moisture content detected by the shallowest sensor decreases first and reaches lower
moisture contents while the deepest sensors decrease last and do not reach moisture contents that
are quite as low.
The same conditions, with no ponding at the top and the water table at the bottom, were
continued for a third day. Figure 38 shows the initial conditions at the beginning of day three,
which are the same as the conditions at the end of day two.

Figure 38: Moisture content values at different elevations in the model the beginning of day
three.
Figure 39 shows the change in moisture content during day three throughout the model
depths. Change begins to be very gradual, with only a little decrease in moisture content at the
top of the model. This is probably due to the high fine soil fraction. The curve towards dryer
conditions at the middle also gradually becomes less prominent.
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Figure 39: Model outputs over the third day. Drying of the top portions becomes slower.

Figure 40: Conditions present after day three, with two days of no ponding.
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Figure 40 shows the moisture content profile after two days of no precipitation and
ponding and Figure 41 shows this effect on the moisture content detected by the sensors on the
probe. The slope of the moisture content curve is becoming shallower, reflecting the decrease in
change in moisture content seen in the moisture content profile.

Figure 41: The change in moisture content detected by each sensor on the probe after the third
day. The moisture content detected by the probes began to decrease after the second day began.
The process was continued for a fourth day making three days without precipitation.
Figure 42 shows the initial condition for this fourth day, which is the same as the ending
condition for day three.
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Figure 42: Moisture content values at different elevations in the model the beginning of day
four.

Figure 43: Model outputs over the fourth day. Drying of the top portions continues to slow.
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Figure 43 shows the change in the moisture profile over day four. This time the change is
so gradual it is hard to see. Figure 44, which shows the moisture content at the end of four which
is visually very similar to the end of day three. At this point, it is becoming apparent that the
moisture content profile is returning to the initial conditions curve for no ponding at the top and
the water table at the bottom addressed before in Figure 26. The gradual decrease in moisture
content detected by the probes continues to become shallower in Figure 45. Since the change in
the moisture profile is becoming gradual, the data from the next few days is skipped but can be
found in the appendix.

Figure 44: Conditions present after day four, with three days of no ponding.

Figure 45: The change in moisture content detected by each sensor on the probe after the fourth
day. The moisture content detected by the probes began to decrease after the second day began
and have continued since.
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Case 1: End of Day 15 (14 Days, or Two Weeks, of No Precipitation)
Over the next 11 days, the moisture content at the top ¾ of the soil column gradually
decreased by significant levels, as well as the moisture content measured by the probes.
However, as can be seen in Figure 46, the moisture content profile and moisture content
detected by the probes still did not return to the initial conditions that were used for this model.

Figure 46: The moisture content profile and the moisture content that would be measured by the
sensors at the end of day 15 (14 days, or two weeks, of no precipitation) in case 1.

Case 1: End of Day 28, 4 Weeks without Precipitation.
Two more weeks were completed on top of the previous 15 days at a time step of 10
seconds, for a total of four weeks without precipitation. Over the two weeks, the moisture
content detected by the probes (Figure 47) still gradually decreased, as did the moisture content
in most of the soil column (Figure 48). However, the top did not reach the moisture content of
0.18 that were the initial conditions. It seems, even with four weeks without precipitation, the
ground below the pavement could not return to its initial level of dryness. In Connecticut it is
unlikely for there to be four weeks between precipitation events so it is unlikely that the soil
would ever return to the initial conditions used for this model. Therefore, the pattern would
always be starting from some state of extra moisture. The process is very slow since there is no
evaporation. But since the bottom of the gravel is not exposed to air, minimal to no evaporation
would be an accurate assumption for the top boundary layer.
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Figure 47: The change in moisture content detected by each sensor on the probe after the 29th
day. The moisture content detected by the probes began to decrease after the second day began
and have continued since.

Figure 48: The moisture content profile present after day 29, with four weeks of no ponding.
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Case 2
This second case was created for the bare ground site so that exfiltration, or evaporation,
could be used to increase the rate at which the moisture content decreased. This case still used a
saturated hydraulic conductivity (Ks) of 0.00021 cm/s. At the bottom boundary, Dirichlet
conditions were used with a specified head which is automatically set to 0. This represents the
water table being at the bottom. The time step (delt) is 1 second, the maximum simulated time
(time_max) is one day (86400 seconds). The conditions that changed from case 1 were using the
sensor depths for the bare soil site (5, 10, 20, 30, 40, and 50 cm) and 400 cm down to the water
table (zmax).
The first day was created using non uniform conditions that set the water table at the
bottom (so that the water content was equal to the porosity 0.475 at the bottom). It was a day of
wetting with ponding at the top so that Dirichlet conditions with a constant head of 0 were used
at the top boundary. The second day used a specified flux of -0.000033. This value was selected
not as a reflection of actual conditions, but to test the effect of exfiltration on the patterns of the
model. Higher exfiltration rates decreased the water content too quickly so that errors were
encountered, likely due to the top boundary reaching levels below the residual volumetric water
content or the moisture content present during the initial conditions. The third day used the same
conditions as day one to show how ponding would increase moisture content once more.
Figure 49 shows the initial conditions for what the moisture profile would look like
before ponding affected the soil column and if there was the water table at the bottom.

Figure 49: Initial conditions for case two for the bare soil plot.
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Figure 50: The moisture content profile after one day of ponding (left) and then after a second
day with exfiltration (right).

Figure 51: The moisture content measured by the bare ground sensors after one day of ponding
and then a second day with exfiltration.
Figures 50 and 51 show the moisture content over day one, which has ponding, and day
two which has an exfiltration rate of -0.000033 cm/s. Day one proceeds as before, with the
lowering of the moisture front through the soil column and the fastest jumps in moisture content
detected in the shallowest probes. However, with exfiltration present, the decrease in the
moisture content after ponding ends is much faster, with the moisture content returning to
approximately 0.26 after just one day.
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Figure 52: The change in the moisture content profile over day three, where ponding returns.

Figure 53: The moisture content profile after day three, where ponding returns.
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Figures 52 and 53 show how the moisture content profile changes over day three, during
which ponding returns, and how it appears at the end of this third day. The moisture front once
again moves down from the top, erasing the progress the top layers have made towards drying.
Eventually the top curve to the left made by the drying of the soil meets the curve to the left
remaining from the initial curve of moisture to create one area of dryness towards the bottom that
gradually disappears as the soil heads towards becoming completely saturated. Given a little
more time, the moisture content profile would have appeared to be a straight line upwards as the
whole soil would have become saturated, like in case 1 when ponding occurred for two days in a
row.
Figure 54 shows the moisture content that would be detected by the sensors. While the
moisture content did decrease quickly during the second day, the moisture content was able to
spring back up very quickly towards saturated values during the third day when ponding
returned. This pattern makes sense as the sensors are only in the top portion of the soil column.

Figure 54: The moisture content that would be picked up by the sensors on the bare ground site
after day three.
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Case 3
Case 3 attempted to replicate case 2, but with a hydraulic conductivity of 0.000021 cm/s
instead of 0.00021 cm/s. This means that it is still for the bare soil site and has the same initial
moisture content profile (see Figure 55).

Figure 55: Initial conditions for case two for the bare soil plot.

Figure 56: The moisture content profile (left) and the moisture content that would be detected by
the sensors on the probe (right) after one day of ponding.
Over the first day, the moisture front falls and the moisture content detected by each
probe increases, starting with the shallowest and then ending with the deepest sensors (see
Figure 56). While this general pattern is the same as the previous case, the infiltration of the
moisture front and thus the increase in moisture content is much slower.
The second day was supposed to show the effect of exfiltration again. As can be seen in
Figure 57, which shows the moisture content profile partially through the second day, the very
top layers had significant and quick drying, but little change was seen below 25 cm down. Then,
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at about 45,000 seconds, or 12.5 hours, the code stopped itself because the highest portion of the
soil reached the residual moisture content of 0.997. Figure 58 shows the moisture content
detected by each probe up to this point. While the shallowest sensors had a drastic decrease in
moisture content, the deepest sensors (only 40 and 50 centimeters into the soil) still showed an
increase in moisture content.

Figure 57: The moisture content profile just under 45000 seconds into day two, during which
there was exfiltration at the surface.

Figure 58: The moisture content that would be detected by the sensors up until around 12.5
hours through day two, when 0 cm into the soil would have reached residual moisture content
levels.
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Summary of Findings
This section summarizes the findings from the previous cases and how each parameter
would affect the results of the model.
First, Figure 59 shows the effect of the distance to the water table. The figure on the left
is for the 378 cm to the water table present below the permeable pavement system and the figure
on the right has the 400 cm to the water table from the surface of the bare ground site. The only
effect that the increase in model depth has is that there is more of a chance for the soil to dry the
farther away it is from the water table on the bottom, so the soil at the top of the bare ground site
is slightly drier. Both profiles show a curve decreasing from the porosity value of 0.475 at the
bottom, since this is equivalent to the moisture content at saturation and the bottom is where the
water table begins.

Figure 59: The initial condition if it is allowed to equilibrate with no ponding on the top and the
water table on the bottom for a model depth of 378 cm (left) for under the permeable pavement
system and 400 cm (right) for the bare ground site.
Figure 60 is also a potential initial condition that can be seen for the model, but this time,
instead of having no ponding at the top, this shows what conditions would be like if the profile
could equilibrate while ponding continued on top. With ponding on top, and the water table on
the bottom, the soil column would eventually become completely saturated.
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Figure 60: The moisture content profile if it is allowed to equilibrate with ponding at the top and
the water table at the bottom.

Figure 61: The moisture content profile after one day of ponding (top), after the second day also
having ponding (left), and after the second day not having ponding (right).

75

Figure 61 illustrates the different possibilities that were explored in case 1. For both
situations, the first day had ponding at the top boundary, resulting in the top graph. If ponding
continued the second day, then the model equilibrated so that the entire soil column was
saturated. However, if the second day, ponding ended, representing an end in precipitation, the
top portion of the soil column gradually began to dry as some of the moisture front continued to
travel downwards. With enough time, a lack of ponding at the top should eventually equilibrate
to look like Figure 59. However, case 1 showed that this process was slow, and this moisture
content profile was not reached even after 4 weeks without ponding.
Figure 62 shows the effect of exfiltration rather than just a lack of ponding at the top
boundary. As expected, the addition of exfiltration increased the rate at which the moisture
content detected at each sensor decreased over the second day.

Figure 62: Change in moisture content with no evaporation (left) and with an exfiltration rate of
-0.000033 cm/s (right) during day two on the top boundary layer.

Figure 63: Moisture content at the sensor depths using a saturated hydraulic conductivity (Ks) of
0.00021 cm/s (left) and 0.000021 cm/s (right).
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Figure 63 showed the effect of the lowering of the saturated hydraulic conductivity value
by an order of magnitude. Both a value of 0.00021 cm/s and 0.000021 cm/s were found during
the laboratory experiments. As could be expected, the lower hydraulic conductivity value
significantly slowed the infiltration of moisture, and thus the rate that moisture content increased
deeper in the soil column. The highest portion of the soil also lowered enough to reach residual
moisture content levels during the one day of exfiltration, which did not happen during the
higher saturated hydraulic conductivity. However, the drying rates at layers below the very top
were still slower. In fact, while the moisture content levels of all sensors decreased for the
0.00021 cm/s value, the two deepest sensors were still increasing in moisture during the
exfiltration process with the 0.000021 cm/s value. This pattern suggests that the slower
movement of water with the lower hydraulic conductivity makes it so the water infiltrates more
slowly and is not able to move up out of the soil column as well. However, perhaps since there is
less infiltration happening at the very top, the exfiltration can capture and evaporate more of the
moisture at the very top layer.

Comparison of Model Results to Measured Data
The next step in the process was to compare the actual probe data to the modeled data for
the probe sensors. Figure 64 shows the actual probe data under permeable pad two (left) and on
the bare ground site (right). The top sensors in the actual probe data were not modeled because
they were in the gravel rather than the soil portion of the permeable pad system. This could also
explain the strange data these top sensors made. This data was for a period with one day having
significant precipitation (September 30, 2020), minimal precipitation the second day, and no
precipitation the third day. Figure 65 shows the modeled sensor data for under the permeable
pad system, with no exfiltration (left), and on the bare ground site, with slight exfiltration (right).
This also has a day with ponding, representing precipitation, followed by a day without.
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Figure 64: Volumetric water content data taken from the probes in the permeable pad two (left)
and bare ground (right) sites. Both graphs follow the same rain event on September 30th.

Figure 65: Modeled change in moisture content with no evaporation, representing the probes
under the permeable pad two site (left) and with an exfiltration rate of -0.000033 cm/s,
representing the bare ground site (right) during day two on the top boundary layer. A hydraulic
conductivity of 0.00021 cm/s was used.
The bare ground site shows somewhat similar patterns between the model and the data,
with a quick increase in moisture content during the infiltration of water, and then a gradual
decrease afterwards. This quick increase would not usually be expected in real life as the water
would be expected to gradually enter the soil. For the model, this could be fixed by using the
lower hydraulic conductivity that showed a more gradual increase in moisture content (see
Figure 66). However, using this lower hydraulic conductivity would present the problem of the
quick drying at the highest part of the model. In the actual probe data, the jumps in moisture
content could be due to preferential pathways created around the probe due to installation.
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The actual permeable pavement data did not show significant patterns, remaining
somewhat stationary at one moisture level with only a little bit of noise. This contrasts greatly
with the increase and then very gradual decrease that was found for the model. One possible
reason for the stagnant data is that when the permeable pads were watered to settle the soil
around the probes, this water accumulated in the gravel reservoir. However, if there was constant
ponding that hid the introduction of rainfall, this would not explain why there were varying
levels of moisture content between probes at quantities lower than the porosity found in the
laboratory (0.475). However, the general pattern of an increase in moisture content followed by a
very gradual decrease could be seen following the artificial watering events seen in the plots
showing greater time frames (see Figure 67). This reflects the patterns seen in the model, and
how even four weeks of dry conditions did not return the moisture content to initial conditions
(see Figure 68).

Figure 66: The modeled change in moisture content with an exfiltration rate of -0.000033 cm/s,
representing the bare ground site (right) during day two on the top boundary layer. A hydraulic
conductivity of 0.000021 cm/s was used.

Figure 67: Moisture content data for permeable pad 2 in September 2020.
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Figure 68: The change in moisture content modeled to be detected by each sensor on the probe,
with one day of precipitation and 28 days, or 4 weeks, of dry conditions.
Overall, the probe data followed patterns under the permeable pavement system that did
not reflect what would be expected from the model over short periods of time following
precipitation events. However, patterns were seen after the pads were watered, suggesting larger
volumes of water were needed for the effects to be shown in the probe data. Perhaps the
permeable pavement system acts as a buffer that smooths out the introduction of precipitation to
the system.
Laboratory experiments also indicated kinks in the grain size distribution and variations
in hydraulic conductivity measurements that could indicate pockets of different soil types that
would affect the parameters used and the data produced by the probes. The models could be
better matched on less engineered soil that produced more consistent laboratory results that could
be matched with Mualem’s experiments. This experiment could be improved by being performed
on a less developed area where natural soils are more likely so that the conditions could be better
modeled. It would also be interesting to see how the electrical conductivity could be modeled
and compared to data if more reliable sensors could be used.

Conclusion
Permeable pavement plots were created replicating the permeable pavement system that
would be created in a typical installation, with different layers of gravel making a reservoir
below to help hold water while it infiltrates into subsurface soils. Laboratory analysis was done
to determine the grain size distribution, porosity, and hydraulic conductivity needed to
parameterize the model. A probe with sensors at multiple depths was installed in each of the two
permeable pavement plots, as well as a bare ground plot. A model of water content transport was
created using the soil characteristics for both under the permeable pavement plots and the bare
ground site. The data produced by the probes and the model were compared. The model
compared well to the bare ground probe data, with both showing a quick increase in soil
moisture and a gradual decrease at the end of the precipitation event, although they both occurred
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at different timescales. While a similar, but slower pattern was modeled for under the permeable
pavement system, this is not what the probes showed. Instead, moisture content stayed constant
during precipitation events, suggesting a buffering effect from the permeable pads. The pattern
of a quick increase and a gradual decrease were seen at the times that the pads were watered to
help the soil settle around the probes for a better fit. This suggests that while the permeable pads
can buffer the effect of infiltrating water, if the event is as large as the unnatural watering event,
then this buffering can be overcome.
Future studies could be performed to model the electrical conductivity within the soil
system so that it could be compared to the probe data, instead of using water flow as a proxy for
the flow of contaminants. Future studies could also investigate further the activity at the
boundary of the gravel and subsurface soils in the permeable pavement plots to better understand
why precipitation was not shown to affect the probe data as would be expected from the model.
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Appendix:
Referenced Tables
Table 6-1 taken from Bowles (1978): “Properties of Distilled Water (η = absolute).”

Table 6-2 taken from Bowles (1978): “Correction Factors a for Unit Weight of Solids.”
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Table 6-3 taken from Bowles (1978): “Temperature Correction Factors, CT.”

Table 6-4 taken from Bowles (1978): “Values of K for Use in Eq. (6-8a) for Several Unit
Weights of Soil Solids and Temperature Combinations.”
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Table 6-5 taken from Bowles (1978): “Values of L (Effective Depth) for Use in Stoke’s
Formula for Diameters of Particles for ASTM Soil Hydrometer 152H.”
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Soil Analysis
Table A1: Sieve Analysis of the plot 1 sample.
Sieve
Number

Mass of
Empty
Sieve (g)

Diameter
(mm)

Mass of
Sieve + Soil
Soil
Retained (g) Retained (g)

Percent
Retained

Percent
Passing

4

4.75

579.5

623.0

43.5

7.78%

92.22%

10

2

470.5

488.5

18.0

3.22%

89.01%

20

0.85

426.0

460.0

34.0

6.08%

82.93%

40

0.425

408.0

486.0

78.0

13.94%

68.99%

60

0.25

363.0

462.0

99.0

17.70%

51.29%

100

0.15

354.0

436.0

82.0

14.66%

36.64%

200

0.075

318.0

416.0

98.0

17.52%

19.12%

375.5

482

106.5

19.04%

0.08%

Total (Theoretical) Weight (g) =

559.0

99.92%

Actual Total Weight (g) =

559.47

Pan

-

Table A2: Sieve Analysis of the plot 2 sample.
Sieve
Number

Mass of
Empty
Sieve (g)

Diameter
(mm)

Mass of
Sieve + Soil
Soil
Retained (g) Retained (g)

Percent
Retained

Percent
Passing

4

4.75

579.5

627.5

48.0

8.40%

91.60%

10

2

470.5

496.0

25.5

4.46%

87.13%

20

0.85

426.5

467.0

40.5

7.09%

80.04%

40

0.425

408.0

501.5

93.5

16.37%

63.67%

60

0.25

363.0

468.5

105.5

18.47%

45.20%

100

0.15

353.5

434.0

80.5

14.09%

31.11%

200

0.075

318.0

399.0

81.0

14.18%

16.93%

375.5

472.0

96.5

16.89%

0.04%

Total (Theoretical) Weight (g) =

571.0

99.96%

Actual Total Weight (g) =

571.22

Pan

-
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Table A3: Initial information used in the Plot 1, Gs=2.70 hydrometer calculations.
Bowl w/o bubbles (g):

157.49

Bowl w/ dried bubbles (g): 157.77
Mass lost to bubbles (g):

0.28

Weight of soil (g):

49.65

Zero correction:

5

Meniscus correction:

0.5

Temp of correction fluid
(°C):

20.5

Gs of solids:

2.70

a:

0.99

Start time:

9:17:00 AM

Percentage of the original
sample mass:

19.12%
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Table A4: Plot 1, Gs= 2.70 hydrometer calculations.

Date:

Hyd
corr.
Actual only
Elapsed
Hyd
for
Time of time
Temp reading menisc
reading: (min): (°C): Ra:
us R: Ct

Correct
ed Hyd
reading
Rc:

%
Finer
(of
fines): L:

L/t:

K:

% Finer
from
original
D
soil
(mm): sample:

-

-

-

-

-

1/15/20

9:17:15
AM

0.25

1/15/20

9:17:30
AM

0.5

23.0

66.0

65.5

0.70

61.2

122.03
%-

-

-

-

23.33%

1/15/20

9:18:00
AM

1

23.0

65.0

64.5

0.70

60.2

120.04
%-

-

-

-

22.95%

1/15/20

9:19:00
AM

2

23.0

60.0

59.5

0.70

55.2

110.07
%

6.55

3.275 0.0130

0.0235
3 21.04%

1/15/20

9:21:00
AM

4

23.0

55.5

55.0

0.70

50.7

101.09
%

7.30

1.825 0.0130

0.0175
6 19.33%

1/15/20

9:25:00
AM

8

23.0

53.0

52.5

0.70

48.2 96.11%

7.70 0.9625 0.0130

0.0127
5 18.38%

1/15/20

9:32:00
AM

15

23.0

51.0

50.5

0.70

46.2 92.12%

8.00 0.5333 0.0130

0.0094
94 17.61%

1/15/20

9:47:00
AM

30

23.0

50.0

49.5

0.70

45.2 90.13%

8.20 0.2733 0.0130

0.0067
97 17.23%

1/15/20

10:17:0
0 AM

60

22.5

47.5

47.0

0.55

42.6 84.84%

8.60 0.1433

1/15/20

11:19:0
0 AM

122

23.0

46.0

45.5

0.70

41.2 82.15%

8.85

0.0725
0.0035
4 0.0130
01 15.71%

1/15/20

1:17:00
PM

240

22.5

45.0

44.5

0.55

40.1 79.86%

9.00

0.0375 0.0130 0.0025
0
5
27 15.27%

1/15/20

5:17:00
PM

480

24.0

44.0

43.5

1.00

39.5 78.76%

9.15

0.0190
0.0017
6 0.0128
67 15.06%

1/15/20

9:29:00
PM

732

23.0

43.0

42.5

0.70

38.2 76.17%

9.30

0.0127
0.0014
0 0.0130
65 14.56%

1/16/20

9:31:00
AM

1454

23.0

43.0

42.5

0.70

38.2 76.17%

9.30

0.0063
0.0010
96 0.0130
40 14.56%

1/16/20

2:06:00
PM

1729

23.0

43.0

42.5

0.70

38.2 76.17%

9.30

0.0053
0.0009
79 0.0130
534 14.56%

1/17/20

9:17:00
AM

2880

22.5

43.0

42.5

0.55

38.1 75.87%

9.30

0.0032 0.0130 0.0007
29
5
416 14.51%

23.0 -

-

0.70 -

-

0.0130 0.0049
5
41 16.22%
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Table A5: Initial information used in the Plot 1, Gs=2.75 hydrometer calculations.
Bowl w/o bubbles (g):

157.49

Bowl w/ dried bubbles (g): 157.77
Mass lost to bubbles (g):

0.28

Weight of soil (g):

49.65

Zero correction:

5

Meniscus correction:

0.5

Temp of correction fluid
(°C):

20.5

Gs of solids:

2.75

a:

0.98

Start time:

9:17:00 AM

Percentage of the original
sample mass:

19.12%
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Table A6: Plot 1, Gs= 2.75 hydrometer calculations.

Date:

Hyd
corr.
Actual only
Elapsed
Hyd
for
Time of time
Temp reading menisc
reading: (min): (°C): Ra:
us R: Ct

Correct
ed Hyd
reading
Rc:

%
Finer
(of
fines): L:

L/t:

K:

% Finer
from
original
D
soil
(mm): sample:

-

-

-

-

-

1/15/20

9:17:15
AM

0.25

1/15/20

9:17:30
AM

0.5

23.0

66.0

65.5

0.70

61.2

120.80
% -

-

-

-

23.10%

1/15/20

9:18:00
AM

1

23.0

65.0

64.5

0.70

60.2

118.82
% -

-

-

-

22.72%

1/15/20

9:19:00
AM

2

23.0

60.0

59.5

0.70

55.2

108.95
%

6.55

3.275

0.0128 0.023
0
16 20.83%

1/15/20

9:21:00
AM

4

23.0

55.5

55.0

0.70

50.7

100.07
%

7.30

1.825

0.0128 0.017
0
29 19.13%

1/15/20

9:25:00
AM

8

23.0

53.0

52.5

0.70

48.2 95.14%

7.70 0.9625

0.0128 0.012
0
56 18.19%

1/15/20

9:32:00
AM

15

23.0

51.0

50.5

0.70

46.2 91.19%

8.00 0.5333

0.0128 0.009
0
348 17.44%

1/15/20

9:47:00
AM

30

23.0

50.0

49.5

0.70

45.2 89.22%

8.20 0.2733

0.0128 0.006
0
692 17.06%

1/15/20

10:17:0
0 AM

60

22.5

47.5

47.0

0.55

42.6 83.99%

8.60 0.1433

0.0128 0.004
5
865 16.06%

1/15/20

11:19:0
0 AM

122

23.0

46.0

45.5

0.70

41.2 81.32%

8.85

0.0725 0.0128 0.003
4
0
447 15.55%

1/15/20

1:17:00
PM

240

22.5

45.0

44.5

0.55

40.1 79.05%

9.00

0.0375 0.0128 0.002
0
5
488 15.11%

1/15/20

5:17:00
PM

480

24.0

44.0

43.5

1.00

39.5 77.97%

9.15

0.0190 0.0126 0.001
6
0
740 14.91%

1/15/20

9:29:00
PM

732

23.0

43.0

42.5

0.70

38.2 75.40%

9.30

0.0127 0.0128 0.001
0
0
443 14.42%

1/16/20

9:31:00
AM

1454

23.0

43.0

42.5

0.70

38.2 75.40%

9.30

0.0063 0.0128 0.001
96
0
024 14.42%

1/16/20

2:06:00
PM

1729

23.0

43.0

42.5

0.70

38.2 75.40%

9.30

0.0053 0.0128 0.000
79
0 9388 14.42%

1/17/20

9:17:00
AM

2880

22.5

43.0

42.5

0.55

38.1 75.10%

9.30

0.0032 0.0128 0.000
29
5 7302 14.36%

23.0 -

-

0.70 -

-
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Table A7: Initial information used in the Plot 2, Gs=2.70 hydrometer calculations.
Bowl w/o bubbles (g):

159.52

Bowl w/ dried bubbles (g): 159.65
Mass lost to bubbles (g):

0.13

Weight of soil (g):

50.16

Zero correction:

4

Meniscus correction:

0.5

Temp of correction fluid
(°C):

20.5

Gs of solids:

2.70

a:

0.99

Start time:

9:35:00 AM

Percentage of the original
sample mass:

16.93%
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Table A8: Plot 2, Gs= 2.70 hydrometer calculations.

Date:

Actual
Elapsed
Hyd
Time of time
Temp readin
reading: (min): (°C): g Ra:

Hyd
corr.
only for
meniscus
R:
Ct

Correct
ed Hyd
reading
Rc:

%
Finer
(of
fines): L:

L/t:

K:

% Finer
from
original
D
soil
(mm): sample:

1/15/20

9:35:15
AM

0.25 22.50

51.0

50.5 0.55

47.1

92.86
%

8.00

32.00

0.0130 0.0738
5
2

15.72%

1/15/20

9:35:30
AM

0.5 22.50

51.0

50.5 0.55

47.1

92.86
%

8.00

16.00

0.0130 0.0522
5
0

15.72%

1/15/20

9:36:00
AM

1 22.50

47.0

46.5 0.55

43.1

84.97
%

8.70

8.700

0.0130 0.0384
5
9

14.38%

1/15/20

9:37:00
AM

2 22.50

39.0

38.5 0.55

35.1

69.18
%

10.00

5.000

0.0130 0.0291
5
8

11.71%

1/15/20

9:39:00
AM

4 22.50

34.0

33.5 0.55

30.1

59.31
%

10.80

2.700

0.0130 0.0214
5
4

10.04%

1/15/20

9:43:00
AM

8 22.50

29.5

29.0 0.55

25.6

50.43
%

11.50

1.438

0.0130 0.0156
5
5

8.54%

1/15/20

9:50:00
AM

15 22.50

25.5

25.0 0.55

21.6

42.53
%

12.20 0.8133

0.0130 0.0117
5
7

7.20%

1/15/20

10:05:0
0 AM

30 22.50

22.0

21.5 0.55

18.1

35.63
%

12.80 0.4267

0.0130 0.0085
5
24

6.03%

1/15/20

10:35:0
0 AM

60 22.50

19.5

19.0 0.55

15.6

30.69
%

13.20 0.2200

0.0130 0.0061
5
21

5.20%

1/15/20

11:35:0
0 AM

120 23.00

17.0

16.5 0.70

13.2

26.05
%

13.60 0.1133

0.0130 0.0043
0
76

4.41%

1/15/20

1:35:00
PM

240 22.00

16.0

15.5 0.40

11.9

23.49
%

13.75

0.0572 0.0131 0.0031
9
0
36

3.98%

1/15/20

5:35:00
PM

480 23.50

15.5

15.0 0.85

11.9

23.39
%

13.80

0.0287 0.0129 0.0021
5
0
87

3.96%

1/15/20

9:33:00
PM

718 23.00

14.5

14.0 0.70

10.7

21.12
%

14.00

0.0195 0.0130 0.0018
0
0
15

3.58%

1/16/20

9:33:00
AM

1438 23.00

14.0

13.5 0.70

10.2

20.13
%

14.10

0.0098 0.0130 0.0012
05
0
87

3.41%

1/16/20

2:08:00
PM

1713 23.00

14.0

13.5 0.70

10.2

20.13
%

14.10

0.0082 0.0130 0.0011
31
0
79

3.41%

1/17/20

9:35:00
AM

2880 23.00

12.0

11.5 0.70

8.2

16.18
%

14.40

0.0050 0.0130 0.0009
00
0
192

2.74%
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Table A9: Initial information used in the Plot 2, Gs=2.75 hydrometer calculations.
Bowl w/o bubbles (g):

159.52

Bowl w/ dried bubbles (g): 159.65
Mass lost to bubbles (g):

0.13

Weight of soil (g):

50.16

Zero correction:

4

Meniscus correction:

0.5

Temp of correction fluid
(°C):

20.5

Gs of solids:

2.75

a:

0.98

Start time:

9:35:00 AM

Percentage of the original
sample mass:

16.93%
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Table A10: Plot 2, Gs= 2.75 hydrometer calculations.
Hyd corr.
only for
meniscus
R:

Date:
1/15/20

9:35:15
AM

0.25 22.50

51.0

50.5 0.55

47.1 91.92%

8.00

32.00

0.012
85 0.07269 15.56%

1/15/20

9:35:30
AM

0.5 22.50

51.0

50.5 0.55

47.1 91.92%

8.00

16.00

0.012
85 0.05140 15.56%

1/15/20

9:36:00
AM

1 22.50

47.0

46.5 0.55

43.1 84.11%

8.70

8.700

0.012
85 0.03790 14.24%

1/15/20

9:37:00
AM

2 22.50

39.0

38.5 0.55

35.1 68.48%

10.00

5.000

0.012
85 0.02873 11.59%

1/15/20

9:39:00
AM

4 22.50

34.0

33.5 0.55

30.1 58.71%

10.80

2.700

0.012
85 0.02111

9.94%

1/15/20

9:43:00
AM

8 22.50

29.5

29.0 0.55

25.6 49.92%

11.50

1.438

0.012
85 0.01541

8.45%

1/15/20

9:50:00
AM

15 22.50

25.5

25.0 0.55

21.6 42.10%

12.20 0.8133

0.012
85 0.01159

7.13%

1/15/20

10:05:0
0 AM

30 22.50

22.0

21.5 0.55

18.1 35.27%

12.80 0.4267

0.012 0.00839
85
4

5.97%

1/15/20

10:35:0
0 AM

60 22.50

19.5

19.0 0.55

15.6 30.38%

13.20 0.2200

0.012 0.00602
85
7

5.14%

1/15/20

11:35:0
0 AM

120 23.00

17.0

16.5 0.70

13.2 25.79%

13.60 0.1133

0.012 0.00430
80
9

4.37%

1/15/20

1:35:00
PM

240 22.00

16.0

15.5 0.40

11.9 23.25%

13.75

0.0572 0.012 0.00308
9
90
8

3.94%

1/15/20

5:35:00
PM

480 23.50

15.5

15.0 0.85

11.9 23.15%

13.80

0.0287 0.012 0.00215
5
70
3

3.92%

1/15/20

9:33:00
PM

718 23.00

14.5

14.0 0.70

10.7 20.91%

14.00

0.0195 0.012 0.00178
0
80
7

3.54%

1/16/20

9:33:00
AM

1438 23.00

14.0

13.5 0.70

10.2 19.93%

14.10

0.0098 0.012 0.00126
053
80
7

3.37%

1/16/20

2:08:00
PM

1713 23.00

14.0

13.5 0.70

10.2 19.93%

14.10

0.0082 0.012 0.00116
312
80
1

3.37%

1/17/20

9:35:00
AM

2880 23.00

12.0

11.5 0.70

8.2 16.02%

14.40

0.0050 0.012 0.00090
000
80
51

2.71%

Ct

Correct
ed Hyd
reading
Rc:

%
Finer
(of
fines): L:

% Finer
from
original
soil
sample:

Actual
Elapsed
Hyd
Time of time
Temp reading
reading: (min): (°C): Ra:

L/t:

K:

D
(mm):
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Table A11: Soil Core Hydraulic Conductivity Test (Values highlighted in gray were completed
with a pressure head of 50.6 cm rather than 54.6).
Sample:

Plot 1, #2

Plot 1, #1

Plot 2, #1

Plot 2, #2

Mass of empty assembled cell (g):

357.20

365.84

360.29

354.80

Mass of saturated assembled cell (g):

470.75

497.14

477.22

474.64

Mass of assembled cell and dry soil (g):

435.89

467.01

33.91

33.99

33.98

35.16

Can+dry soil m (g):

112.23

134.89

120.63

126.09

Can+wet soil m (g):

145.90

164.26

150.55

154.37

Average mass dry soil (g):

78.51

101.035

86.65

94.55

using the cell:

78.69

101.17

using the can:

78.32

100.9

86.65

90.93

Average mass sat soil (g):

112.77

130.785

116.75

119.53

using the cell:

113.55

131.3

116.93

119.84

using the can:

111.99

130.27

116.57

119.21

Diameter (cm):

5.4

5.4

5.4

5.4

Area (cm2):

23

23

23

23

Length (cm):

2.9

2.9

2.9

2.9

Volume (cm3):

66

66

66

66

Dry Bulk Density of soil (g/cm3):

1.182

1.521

1.305

1.424

Wet Bulk Density of soil (g/cm3):

1.698

1.969

1.758

1.800

Average Porosity:

53.91%

44.23%

48.50%

42.44%

Porosity using bulk density:

56.22%

43.66%

51.68%

47.27%

Porosity using sat v unsat mass:

51.59%

44.79%

45.32%

37.60%

Gravimetric water content:

43.65%

29.45%

34.74%

26.41%

Can mass (g):

-

452.97

-

98.17
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∆h (cm):

17.8

25.6

53.6

54.6

Q trial 1 (cm3/s):

0.031

0.0045

0.0077

0.083

Q trial 2 (cm3/s):

0.029

0.0057

0.0072

0.074

Q trial 3 (cm3/s):

0.028

0.0049

0.0064

0.10

Average Q (cm3/s):

0.030

0.0051

0.0071

K trial 1 (cm/s):

0.00022

0.000022

0.000018

0.00019

K trial 2 (cm/s):

0.00021

0.000028

0.000017

0.00017

K trial 3 (cm/s):

0.00020

0.000024

0.000015

0.00025

Average K (cm/s):

0.00021

0.000025

0.000017

0.00021

(in/hr):

0.30

0.035

0.024

0.29

(cm/hr):

0.76

0.090

0.060

0.74

(m/d):

0.18

0.022

0.014

0.18

-

Pavement Analysis
Table A12: Initial information used for the hydraulic conductivity of the shorter pavement core.
Diameter (cm):

4.43

Area (cm2):

15.4

L (cm):

6.37

η20 (poise = g/(cm*s)):

0.01005

H1 (water level height) (cm):

98.6

Table A13: Average values used to calculate the hydraulic conductivity of the shorter pavement
core (the H2, or height of the release tube was 79.2 cm).
Test no.:

Average:

t (s):

V (cm3):

Q (cm3/s):

ηr (poise):

T (°C):

1

56.64

104

1.84

16.5

0.01097

2

63.02

107

1.70

16.5

0.01097

3

62.02

98

1.58

17.0

0.01083

60.56

103

1.70

16.7

0.01092
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Table A14: Values used to create the graph for the hydraulic conductivity of the shorter
pavement core.
H2 (cm):

t (s):

V (cm3):

Q (cm3/s):

ηr (poise):

T (°C):

(η20/ηr)*A*(∆h/L)

72.8

47.95

105

2.190

16

0.01111

56.55

68.3

47.94

112

2.336

16

0.01111

66.42

64.1

40.58

116

2.859

16

0.01111

75.62

Table A15: Initial information used for the hydraulic conductivity of the longer pavement core.
Diameter (cm):

4.44

Area (cm2):

15.5

L (cm):

10.60

η20 (poise = g/(cm*s)):

0.01005

H1 (cm):

99.1

Table A16: Values used to create the graph for the hydraulic conductivity of the longer
pavement core.
H2 (cm):

t (s):

V (cm3):

Q (cm3/s):

ηr (poise):

T (°C):

(η20/ηr)*A*(∆h/L)

69.1

45

134

3.0

15

0.01156

38.03

73.6

45

114

2.5

15

0.01156

32.32

69.9

45

126

2.8

15

0.01156

37.01

68.2

45

125

2.8

15

0.01156

39.17

64.6

45

135

3.0

14

0.01189

42.52

76.0

45

112

2.5

14

0.01189

28.47
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Model Code
The following Matlab code was modified from a model developed by Dr. Amvrossios
Bagtzoglou using the van Genuchten model and for playground sand.

File called newudat.m
% FOR SOIL CONTAINING SILT AND CLAY
% Maximum depth (cm):
zmax=378;
% Number of nodes- up to the user, more will have a higher resolution but will take longeraim for around a node/unit (node/cm)
nnodes=zmax+1;
% Saturated hydraulic conductivity:
ksat=0.00021;% or 0.000021 cm/s
% Porosity (moisture content):
theta_s=0.475;
% Residual moisture content:
theta_r=0.0997;
% Setting up some parameters for the van Genuchten parametric approximation model.
beta=0.00652; % L-1 aka alpha in the van Genuchten model
n=2.678; % L-1
% Setting up the times at which the model should be plotted. In this case, it would be
plotted every two mines (120 seconds) over a day (86400 seconds).
plot_time=[0:120:86400];
% Set the initial condition (I.C.) for the soil dryness expressed in terms of suction head (in
cm)
icpar=-0; % 0 cm of suction
% Boundary condition (B.C.) parameter for soil dryness at the top:
bcpartop=0;
% Boundary condition (B.C.) parameter for soil dryness at the bottom:
bcparbot=icpar;
% Depths in the system that would correspond to probe sensors (a table comparing can be
seen above)
z_probe= [10 20 30 40 55 80];

File called newusat.m
%
%
% Clear the command window and display the title '1-D VERTICAL UNSATURATED
FLOW’
clc,disp('1-D VERTICAL UNSATURATED FLOW');
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disp('=============================');
disp('.')
% LOAD THE DATA from the file newudat.m
newudat
% Determine how much depth is stored in each node by dividing the maximum depth by
nnodes-1 (?). This gives increments of depth.
delz=zmax/(nnodes-1);

% SET ASIDE SOME STORAGE
% Make a matrix of zeros size nnodes x nnodes to represent the xz plane of the soil
matrix=zeros(nnodes);
% Make a vector for head that is nnodes long and fill it with 0s
head=0*[1:nnodes];
% Make a copy of this vector as theta (aka moisture content)
theta=head;
% Make a vector k (hydraulic conductivity) that is nnodes-1 long and fill it with 0s
k=0*[1:nnodes-1];
% Make a copy of the vector head (a vector nnodes long filled with 0s) and call it rhs
rhs=head;
% Make a copy of the vector theta (a vector nnodes long filled with 0s) and call it c for
capacitance.
c=theta;
% Make a copy of the vector c (a vector nnodes long filled with 0s) and call it knodes
knodes=c;
% Clear the command window and display the title ‘INITIAL CONDITION’
clc;
disp(' '),disp('INITIAL CONDITION'),disp('=================');
% Have the user choose 1 for a uniform initial condition (I.C.), 2 for a non-uniform I.C.
where the water table is within the depth of concern, and 3 to reload a previous session’s
data.
% Saturation is sucked up from the water table to make it not uniform
choice=input('Enter 1 for uniform I.C., 2 for non-uniform/water table I.C., 3 from IC file?');
% If the user chooses 3, then the ending conditions of the previous run, saved as IC_dat,
will be used as the initial conditions for this run
if choice ==3
load IC_dat
% If the I.C. is non-uniform, the “head” vector fills with values equal to (each increment of
height) * (each number from 0 to nnodes-1) - (the maximum depth). Moisture content for
the probe (THETA_probe) and TIME matrices are made. T_final is set to 0. This is so the
results of moisture for each sensor depth can be saved as a function of time.
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if choice==2
THETA_probe=[];TIME=[];t_final=0;
for i=1:nnodes
head(i)=delz*(i-1)-zmax;
end
else
% If the I.C. is uniform, move on to having the user choose 1 for a specified h (head)
or 2 for a specified theta (moisture content). Again, the moisture content for the
probe (THETA_probe) and TIME matrices are made. T_final is set to 0.
THETA_probe=[];TIME=[];t_final=0;
choice=input('Enter 1 for specified h, 2 for specified theta:');
% If the user chooses a specified head h, then the initial condition parameter (icpar)
value will be added to the head vector
% A theta value will be calculated using the head, residual moisture content
(theta_r), saturated volumetric water content (theta_s), and the parameters beta
and n according to the van Genuchten model.
if choice==1
head=head+icpar;
theta=theta_r+(theta_s-theta_r).*((1+(beta*abs(head)).^n).^(-(n-1)/n));
% If the user chooses a specified moisture content theta, then the theta value gets
updated to the input the user gives for initial theta
% A head value will be calculated using the residual moisture content (theta_r),
saturated volumetric water content (theta_s), and the parameters beta and n
according to a rearranged version of the van Genuchten model.
else
theta=theta+input('Initial theta = ?');
head=-((1/beta)*((((theta_s-theta_r)./(theta-theta_r)).^(n/(n-1))-1))).^(1/n);
end
end

% The theta variable is recalculated with the equation based on residual moisture content
(theta_r), saturated volumetric water content (theta_s), and the parameters beta and n
according to the van Genuchten model.
theta=theta_r+(theta_s-theta_r)./((1+(beta*abs(head)).^n).^((n-1)/n));
% The initial condition for moisture content or saturation (theta) is plotted at different
depths
% The range of the y axis is determined to be from 0 down to -1 * (the increment of depth
delz) * (nnodes-1) which should just equal -zmax
figure(1);plot(theta,-delz*[0:nnodes-1]),text(.1,.15,'Initial Condition','sc')
axis([0 theta_s+0.1 -zmax 0]);grid;
xlabel('Moisture Content'),ylabel('Elevation (cm)');
% The program is paused after the graph is displayed
pause;
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% The command window is cleared
clc;
% The flux at the top and the bottom boundaries are set to 0
flux_top=0;
flux_bot=0;
% The title ‘BOUNDARY CONDITIONS’ and the condition ‘@depth=0’ is displayed
disp(' '),disp('BOUNDARY CONDITIONS'),disp('===================');
disp(' '),disp('@depth=0:'),disp(' ');
% The user chooses between 1 for a constant Dirichlet boundary condition or 2 for a
specified constant flux at the boundary depth=0
choice=input('Enter 1 for Dirichlet, 2 for specified flux:');
% If the user does not choose 1, the user inputs a specific flux at depth = 0 and sets the
boundary condition here to type 2
if choice~=1
flux_top=input('Specified flux at depth=0 (+ for input) = ?');
% set the boundary condition at the top to type 2
bc_top=2;
else
% If the user chooses a constant Dirichlet boundary, they then choose between 1 to
specify a constant head (h) or a constant moisture content (theta) at the boundary depth=0
choice=input('Enter 1 for specified h, 2 for specified theta:');
% If the user chooses the specified head, the head at the top boundary (depth=0),
aka head_top, is set as bcpartop, the boundary condition at the top set at the beginning of
the code, which is currently set at 0
if choice==1
head_top=bcpartop;
% If the user chooses the specified theta, the moisture content (theta) at depth=0
(theta_top) is set to whatever the user then inputs
% The head at depth=0 is then calculated using moisture content (theta), residual
moisture content (theta_r), saturated volumetric water content (theta_s), and the
parameters beta and n according to the van Genuchten at the top boundary (theta_top).
else
theta_top=input('Specified theta at depth=0 = ?');
head_top=-((1/beta)*((((theta_s-theta_r)./(theta_top-theta_r)).^(n/(n-1))-1))).^(1/n);
end
% set the boundary condition at the top to type 1
bc_top=1;
end

% Clear the control window
clc;
% The title ‘BOUNDARY CONDITIONS’ and the condition @depth= (insert maximum
depth zmax) is displayed
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disp(' '),disp('BOUNDARY CONDITIONS'),disp('===================');
disp(' '),fprintf('@depth=%g:',zmax),disp(' ');
% The user chooses between 1 for a constant Dirichlet boundary condition or 2 for a
specified constant flux at the bottom boundary
choice=input('Enter 1 for Dirichlet, 2 for specified flux:');
% If the user does not choose 1, the user inputs a specific flux at the bottom and sets the
boundary condition here to type 2
if choice~=1
flux_bot=input('Specified flux at bottom (+ for input) = ?');
bc_bot=2;
else
% The user chooses a constant Dirichlet boundary constant and then chooses
between 1 to specify the constant head (h) or the constant moisture content (theta) at the
bottom boundary
choice=input('Enter 1 for specified h, 2 for specified theta:');
% If the user chooses the specified constant head, the head at the bottom boundary
(depth=zmax), aka head_bot, is set as bcparbot which was specified at the beginning of the
code and is currently set to icpar, or the initial conditions of the soil dryness.
if choice==1
head_bot=bcparbot;
% If the user chooses the specified constant theta, the theta at the bottom
depth=zmax (theta_bot) is set to whatever the user then inputs
% The head at depth=zmax is then calculated using theta at this boundary
(theta_bot), residual moisture content (theta_r), saturated volumetric water content
(theta_s), and the parameters beta and n according to the van Genuchten at this bottom
boundary.
else
theta_bot=input('Specified theta at bottom = ?');
head_bot=-((1/beta)*((((theta_s-theta_r)./(theta_bot-theta_r)).^(n/(n-1))-1))).^(1/n);
end
% set the boundary condition at the bottom to type 1
bc_bot=1;
end
% Display the title ‘TIME STEPPING’ and prompt the user to insert a value for the time
step (delt) and the maximum simulation time (time_max)
clc,disp('TIME STEPPING'),disp('=============');
delt=input('Time step = ?');
time_max=input('Maximum simulation time = ?');
% The number of time steps is calculated by dividing the maximum simulation time
(time_max) by the time allotted for a time step (delt) and rounding up to the nearest integer
nsteps=ceil(time_max/delt);

%plot_time=input('Plot results at time intervals = ?');
%for non-interactive input plot_time & front_time is given in the data file
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% Could include this to clear the command window, move text up and out of the command
window, and clear the figure
% clc,home,clg;
% Set the starting value of time as the first time step
time=delt;
%---------------------------------------------------------------%---------------------------------------------------------------% Keep performing the function until the time has reached the maximum time set by the
user
while time<time_max
%
% perform a time step
%
% 0. clear some arrays
% The matrix of zeros size nnodes x nnodes to represent the xz plane of the soil is filled
with 0s
matrix=0*matrix;
% Clear the command window, move text up and out of the command window, and bring
up the time
clc;home;time
%****************************************************************************
**
% Calculating some parameters: head (h) at the mid-points, hydraulic conductivity (k),
and capacitance (c)
% 1. find h at mid-points of lattice
hmid=0.5*(head(1:nnodes-1)+head(2:nnodes));
% 2. find k at mid-points of lattice- this is done by calculating saturation (S) based on
suction values (hmid) and then solving for the hydraulic conductivity based on this
saturation value (S) using the van Genuchten model
S=(1+(beta*abs(hmid)).^n).^((1-n)/n);
k=ksat*sqrt(S).*(1-(1-S.^(n/(n-1))).^((n-1)/n)).^2;
% 3. Find c at lattice points- Capacitance (c) is the slope of the moisture content over suction
pressure.
c=(((n-1)/n)*(theta_s-theta_r)*(1+(beta*abs(head)).^n).^((12*n)/n)*beta*n.*(beta*abs(head)).^(n-1));
% keyboard
% GO INTO NUMERICS
% The solutions of the numerical problem are given in terms of head
% 4. fill matrix
% 4.1 nodes 1 and nnodes
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DIAG(1)=delz*c(1)/2/delt + k(1)/delz;
SUPER(1)=-k(1)/delz;
DIAG(nnodes)=delz*c(nnodes)/2/delt + k(nnodes-1)/delz;
SUB(nnodes)=-k(nnodes-1)/delz;
% 4.2 all other nodes
for i=2:nnodes-1
DIAG(i)=delz*c(i)/delt + (k(i)+k(i-1))/delz;
SUB(i)=-k(i-1)/delz;
SUPER(i)=-k(i)/delz;
end
% 5. fill rhs
% 5.1 nodes 1 and nnodes
rhs(1)=delz*c(1)/2/delt*head(1) - k(1) + flux_top;
rhs(nnodes)=delz*c(nnodes)/2/delt*head(nnodes) -k(nnodes-1) + flux_bot;
% 5.2 all other nodes
rhs(2:nnodes-1)=delz/delt*c(2:nnodes-1).*head(2:nnodes-1)-k(2:nnodes-1)+k(1:nnodes-2);
% 6. adjust for boundary conditions
% 6.1 node 1
if bc_top==1
SUPER(1)=0;DIAG(1)=1.;rhs(1)=head_top;
end
% 6.2 node nnodes
if bc_bot==1
SUB(nnodes)=0;DIAG(nnodes)=1;rhs(nnodes)=head_bot;
end
% keyboard
% 7. solve system of equations for head
for i=2:nnodes
% Matrix Factorization
SUB(i)=SUB(i)/DIAG(i-1);
DIAG(i)=DIAG(i)-SUB(i)*SUPER(i-1);
% Adjust the right hand side
rhs(i)=rhs(i)-SUB(i)*rhs(i-1);
end
% Back Substitution
head(nnodes)=rhs(nnodes)/DIAG(nnodes);
for i=nnodes-1:-1:1
head(i)=(rhs(i)-SUPER(i)*head(i+1))/DIAG(i);
end
%head=tridia(SUB,DIAG,SUPER,rhs,nnodes);
%head=matrix\(rhs');
% 8. obtain theta's
theta=theta_r+(theta_s-theta_r)./((1+(beta*abs(head)).^n).^((n-1)/n));
% 9. plot solution
for iplot=1:length(plot_time)
105

% if the time is in the series of times chosen for plotting in the beginning of the code, add to
the graph.
if time==plot_time(iplot)
figure(1);plot(theta,-delz*[0:nnodes-1]),text(.75,.15,['Time=',num2str(time)],'sc')
axis([0 theta_s+0.1 -zmax 0]);grid
xlabel('Moisture Content'),ylabel('Elevation (cm)')
%hold on
%hold off
% The moisture content (theta) is added at each probe depth for the time step
pause(0.1)
theta_probe=theta(z_probe);
THETA_probe=[THETA_probe theta_probe'];
TIME=[TIME time+t_final];
end
end
% move text up and out of the command window
home;
% 10. end of time step
% Moves onto the next time step
time=time+delt;
end
% Update other time step
t_final=t_final+time;
% Save IC_dat, head, THETA_probe, TIME, and t_final to be used if the next run will
start from where this one leaves off
save IC_dat head THETA_probe TIME t_final
% The moisture content at different depths is plotted
figure(1);plot(theta,-delz*[0:nnodes-1]),text(.15,.15,['Time=',num2str(time),'sec'],'sc')
axis([0 theta_s+0.1 -zmax 0]);grid
xlabel(‘Moisture Content’),ylabel('Elevation')
pause;
% Clear the command window and display that the simulation is completed
clc,disp('SIMULATION COMPLETED');
hold off
% Plotting the moisture content at the sensor depths on the probes
figure(2);plot(TIME/3600,THETA_probe)
xlabel('Time (hrs)'),ylabel('Moisture Content');grid
legend('5 cm','10 cm','20 cm','30 cm','40 cm','50 cm','60 cm','75 cm','100 cm')
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Model Output

Figure A1: The moisture content profile and the moisture content that would be measured by the
sensors at the end of day 4 (3 days of no precipitation). Case 1.

Figure A2: The moisture content profile and the moisture content that would be measured by the
sensors at the end of day 5 (4 days of no precipitation). Case 1.

Figure A3: The moisture content profile and the moisture content that would be measured by the
sensors at the end of day 6 (5 days of no precipitation). Case 1.
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Figure A4: The moisture content profile and the moisture content that would be measured by the
sensors at the end of day 7 (6 days of no precipitation). Case 1.

Figure A5: The moisture content profile and the moisture content that would be measured by the
sensors at the end of day 8 (7 days of no precipitation). Case 1.

Figure A6: The moisture content profile and the moisture content that would be measured by the
sensors at the end of day 9 (8 days of no precipitation). Case 1.
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Figure A7: The moisture content profile and the moisture content that would be measured by the
sensors at the end of day 10 (9 days of no precipitation). Case 1.

Figure A8: The moisture content profile and the moisture content that would be measured by the
sensors at the end of day 11 (10 days of no precipitation). Case 1.

Figure A9: The moisture content profile and the moisture content that would be measured by the
sensors at the end of day 12 (11 days of no precipitation). Case 1.
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Figure A10: The moisture content profile and the moisture content that would be measured by
the sensors at the end of day 13 (12 days of no precipitation). Case 1.

Figure A11: The moisture content profile and the moisture content that would be measured by
the sensors at the end of day 14 (13 days of no precipitation). Case 1.

Figure A12: The moisture content profile and the moisture content that would be measured by
the sensors at the end of day 15 (14 days, or two weeks, of no precipitation). Case 1.
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Project Photos

Image 1: The soil profile on the edge of the permeable pavement plots, where the gravel was
then filled in.

Image 2: Soil cores being taken from the bottom of the permeable pavement plots.
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Image 3: The construction of the plots, and the drilling of holes for the probes. Photo courtesy of
Dr. Martin Briggs.
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Image 4: The plots during construction. Photo Courtesy of Dr. Martin Briggs.

Image 5: Gravel on top of the bare soil plot.
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Image 6: The hydraulic conductivity test on a permeable pavement core.
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Image 7: The sieves placed in the mechanical shaker.

Image 8: The final setup of the different plots. Photo courtesy of Neil Terry.
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